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Abstract 

In  this  paper,  we  present  the  parameters  and  layout  of  the  Next 
Linear  Collider  (NLC).  The  NLC  is  the  SLAC  design  of  a  future 
linear  collider  using  X-band  RF  technology  in  the  main  linacs. 
The  collider  would  have  an  initial  center-of-mass  energy  of  0.5 
TeV  which  would  be  upgraded  to  1  TeV  and  then  1.5  TeV  in  two 
stages.  The  design  luminosity  is  >  5  x  10^^  cm”^  sec”^  at  0.5 
TeV  and  >  10^^  ^^-2  i.o  and  1.5  TeV.  We  will  briefly 

describe  the  components  of  the  collider  and  the  proposed  energy 
upgrade  scenario. 


L  INTRODUCTION 

A  number  of  groups  around  the  world  are  creating  designs 
for  a  future  linear  collider.  Hie  present  state  of  the  designs  can 
be  found  in  Ref.  [1]  and  a  summary  of  the  present  status  and 
the  required  R&D  can  be  found  in  Ref.  [2].  In  this  paper,  we 
describe  the  SLAC  Next  Linear  Collider  (NLC).  The  NLC  would 
have  an  initial  center-of-mass  energy  of  0.5  TeV  and  would  then 
be  upgraded  to  1  TeV  and  finally  1.5  TeV  in  the  center-of-mass. 

The  primary  parameters  for  the  three  stages  of  the  design  are 
listed  in  Table  1.  The  parameters  of  the  500  GeV  collider  are 
based  upon  technology  fliat  has  been  demonstrated  or  is  expected 
to  be  demonstrated  within  the  next  few  years.  The  upgrade  path 
to  1  TeV  involves  a  very  straightforward  extrapolation  of  the  RF 
technology,  which  could  be  expected  to  be  ready  by  the  time 
the  collider  starts  operating  at  500  GeV.  Specifically,  it  requires 
that  each  of  the  50  MW  klystrons  be  replaced  with  two  72  MW 
klystrons.  It  also  requires  increasing  Ae  linac  and  final  focus 
lengths  by  roughly  20%.  This  additional  length  could  be  built 
into  the  500  GeV  collider  allowing  the  1  TeV  energy  upgrade  to 
be  made  adiabatically  by  simply  replacing  and  adding  klystrons 
and  modulators  and  replacing  spool  pieces  at  the  end  of  the  ac¬ 
celerator  with  accelerating  structures. 

At  this  time,  there  are  many  possible  upgrade  paths  to  1.5 
TeV.  The  1.5  TeV  design  will  require  further  upgrades  of  the 
RF  system  to  limit  the  AC  power  consumption.  Examples  are 
a  Two  Beam  Accelerator  concept  from  LBL  and  LLNL,  grid- 
switched  and  cluster  klystrons,  and  binary  pulse  compressors. 
In  Table  1,  we  have  listed  a  set  of  parameters  which  assumes  a 
binary  pulse  compression  system.  To  ensure  both  the  possibility 
of  the  1 .5  TeV  upgrade  and  to  provide  operational  flexibility,  we 
are  designing  the  primary  components  of  the  collider  to  ^low 
for  a  substantial  variation  in  parameters  such  as  beam  charge, 
accelerating  gradient,  etc.  In  the  next  sections,  we  will  outline 
the  components  of  the  design  and  briefly  summarize  the  R&D 
status. 

*  Work  supported  by  the  Department  of  Energy,  contract  DE-AC03-76SF005 1 5 
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Table  1 .  Parameters  of  NLC  designs. 


CM  Energy  [TeV] 

0.5 

1.0 

1.5 

Luminosity  [10^^] 

7.1 

14.5 

16.1 

Rep.  Rate  [Hz] 

180 

120 

120 

Bunch  Charge  [10^^] 

0.7 

1.1 

1.1 

Bunches/RF  Pulse 

90 

75 

75 

Bunch  Sep.  [ns] 

1.4 

1.4 

1.4 

Y^xlv^y  IP  [10”*  m-rad] 

500/5 

500/5 

500/5 

IP  [mm] 

10/0.1 

25/0.1 

37/0.15 

Ox  loy  IP  [nm] 

320/3.2 

360/2.3 

360/2.3 

CTj  IP[/rm] 

100 

100 

100 

Upsilon 

0.09 

0.27 

0.41 

Pinch  Enhancement 

1.3 

1,4 

1.5 

Beamstrahlung  8b  [%] 

2.3 

7 

9 

#  Photons  per  e'^  je'^ 

0.8 

1.1 

1.1 

Loaded  Gradient  [MV/m] 

37 

63 

63 

Active  Linac  Length  [km] 

14.2 

17.0 

25.5 

Total  Site  Length  [km] 

20.0 

25.5 

36.2 

#  of  Klystrons 

3940 

9456 

7092 

Klyst.  Peak  Pwr.  [MW] 

50 

72 

76 

Pulse  Comp.  Gain 

3.6 

3.6 

6.8 

Power/Beam  [MW] 

4.2 

7.9 

11.9 

AC  Power  [MW] 

103 

202 

240 

11.  e^je-  SOURCES 

The  design  of  the  NLC  polarized  electron  source  is  based 
upon  the  Stanford  Linear  Collider  (SLC)  polarized  source  [3]. 
The  SLC  source  very  reliably  delivers  highly  polarized  (>80%) 
beams  to  a  damping  ring  at  1.2  GeV  with  approximately  5  x  10^® 
in  a  single  bunch,  a  beam  emittance  of  roughly  y^x,y  =  1  x 
m-rad,  and  an  energy  spread  of  ±1%.  In  the  NLC  design, 
the  polarized  electrons  originate  at  a  strained  GaAs  cathode  DC 
biased  at  -120  kV.  To  create  the  bunch  train,  the  drive  laser  is 
sinusoidally  modulated  so  that  it  delivers  a  pulse  train  of  ninety 
700  ps  pulses  (FWHM)  with  a  repetition  rate  of  714  MHz.  The 
electrons  are  prebunched  in  two  714  MHz  subharmonic  bunchers 
and  then  bunched  and  accelerated  in  an  S-band  traveling  wave 
buncher,  an  S-band  capture  section,  and  a  2  GeV  S-band  linac. 

Because  the  NLC  design  requires  relatively  low  single  bunch 
charge,  the  important  design  issues  relate  to  the  long  bunch  trains. 
Compensation  techniques  have  been  devised  to  control  the  tran¬ 
sient  beam  loading  and  the  long-range  transverse  wakefields, 
which  are  important  in  the  S-band  sections,  are  reduced  by  using 
scaled  versions  of  the  Damped-Detuned  Structures  discussed  in 
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Figure.  1.  Schematic  layout  of  the  SLAC  NLC  design. 


Sect.  IV. 

The  design  of  the  NLC  positron  source  [4]  is  also  based  on  its 
SLC  counterpart.  It  is  a  conventional  source  which  uses  an  elec¬ 
tromagnetic  shower  generated  by  colliding  a  high  energy  (3~6 
GeV)  electron  beam  with  a  rotating  target.  Like  the  SLC  design, 
the  target  is  followed  by  a  flux  concentrator  and  a  capture  accel¬ 
erator  embedded  in  a  DC  solenoid.  To  reduce  the  single  pulse 
heating,  the  beam  size  at  the  target  is  twice  that  at  the  SLC  target. 
Because  the  larger  beam  size  leads  to  a  larger  positron  emittance 
and  longer  bunch  length,  the  NLC  design  uses  L-band  (1428 
MHz)  accelerator  structures;  the  aperture  limited  emittance  is 
then  y€x,y  =  0.06m-rad. 

IIL  DAMPING  RINGS  AND  COMPRESSORS 

The  damping  rings  for  the  NLC  [5]  [6]  must  produce  beams 
with  normalized  emittances  ofy€x  =  3  x  10'^  m-rad  and  y€y  = 
3  X  10“^  m-rad.  A  single  damping  ring  is  used  to  damp  the 
electron  beams.  It  is  220  meters  in  circumference  and  d^ps 
four  trains  of  90  bunches  simultaneously;  the  trains  are  separated 
by  60  ns,  allowing  fast  kickers  to  inject  and  extract  individual 
bunch  trains  without  disturbing  the  others. 

Because  the  incoming  positrons  have  a  much  larger  emit¬ 
tance,  an  additional  pre-damping  ring  is  used  to  damp  the  e'^ 
beam.  The  pre-damping  ring  is  half  the  circumference  of  the 
main  damping  ring  and  stores  two  bunch  trains  at  once.  It  is  a 
relatively  simple  ring  with  a  large  aperture  and  a  large  equilib¬ 
rium  emittance.  After  the  pre-damping  ring,  the  positrons  are 
injected  into  a  main  damping  ring  that  is  identical  to  the  electron 
damping  ring. 

The  damping  ring  designs  are  similar  in  many  ways  to  the  3rd 
generation  light  sources  and  can  benefit  from  much  of  the  tech¬ 
nology  that  has  been  developed.  Furthermore,  the  ATF  Damping 
Ring  [7],  being  constructed  at  KEK,  will  experimentally  verify 
many  of  the  design  concepts. 

After  the  damping  rings,  the  bunch  length  must  be  com¬ 
pressed  by  a  factor  of  40.  This  is  done  in  two  stages  [8].  The 
first  stage,  located  after  the  rings  at  2  GeV,  compresses  the  rms 
bunch  length  from  4  mm  to  500  /xm.  The  first  stage  also  contains 
a  spin  rotator  system,  consisting  of  four  solenoids,  that  provides 
full  control  over  the  orientation  of  the  beam  polarization. 

Following  the  first  bunch  compression,  the  beam  is  acceler¬ 


ated  to  10  GeV  in  an  S-band  linac  and  then  further  compressed  to 
a  final  bunch  length  of  100  /xm.  This  second  stage  compressor  is 
a  telescope  in  longitudinal  phase  space,  preventing  energy  errors 
from  the  pre-linac  from  becoming  phase  errors  in  the  X-band 
linac. 

IV.  X-BAND  RF 

The  NLC  X-band  RF  system  is  based  on  the  SLAC  S-band 
linac  RF,  but  the  frequency  has  been  increased  to  11.4  GHz  to 
support  the  higher  gradient.  The  technology  to  provide  the  high 
gradient  at  high  frequency  has  been  under  development  at  SLAC 
and  KEK  for  the  past  8  years.  It  will  be  used  to  provide  accelera¬ 
tion  at  the  NLC  Test  Accelerator  (NLCTA)  [9]  which  is  presently 
under  construction. 

The  500  GeV  NLC  requires  50  MW  1 .25  /xs  klystrons  [  10]  as 
shown  in  Table  1 .  For  economy  and  efficiency  these  are  planned 
to  be  focussed  with  a  periodic  permanent  magnet  (PPM)  lattice. 
Presently  there  are  two  klystrons  operating  at  levels  exceeding 
50  MW  with  1.5  /xs  pulses.  A  third  klystron  has  operated  at 
about  60  MW  for  short  pulses  and  is  presently  being  conditioned 
for  long  pulse  operation.  These  three  klystrons  will  be  used  in 
the  NLCTA  to  gain  operational  experience  and  the  NLC  PPM 
klystron  is  presently  undergoing  detailed  design. 

An  RF  pulse  compression  system  is  needed  to  compress  the 
klystron  RF  pulse  by  a  factor  of  5  while  increasing  the  power  by  a 
factor  of  3.6.  A  prototype  SLED-II  system  is  presently  operating 
at  SLAC.  It  has  achieved  pulse  compression  gain  of  4  to  4.4  and 
has  exceeded  200  MW  output  power.  It  is  presentiy  being  used 
for  accelerator  structure  tests.  The  three  SLED-II  systems  for 
the  NLCTA  are  being  fabricated. 

The  accelerator  structures  for  the  NLC  must  control  the  long- 
range  transverse  wakefield  to  prevent  beam-breakup  while  accel¬ 
erating  beams  with  an  unloaded  gradient  of  50"^  100  MV/m.  The 
wakefield  is  controlled  with  a  Damped-Detuned  Structure  (DDS) 
[11]  where  the  transverse  modes  are  both  detuned  and  weakly 
damped,  reducing  the  Q’s  to  roughly  1000.  A  test  of  a  detuned 
structure  (no  damping)  in  the  ASSET  facility  [12]  verified  the 
rapid  fall  off  of  the  wakefield  roughly  1 .4  ns  behind  the  driving 
bunch;  the  damping  in  the  DDS  structure  will  further  decrease  the 
wake  over  the  long  bunch  train.  This  detuned  structure  has  also 
been  tested  up  to  55  MV/m  and  will  be  conditioned  up  to  about 
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65  MV/m  with  the  prototype  SLED-II  system.  Three  additional 
detuned  structures  for  the  NLCTA  are  being  brazed.  The  DDS 
structure  is  presently  undergoing  detailed  mechanical  design. 

V.  X--BANDLINAC 

The  X-band  linacs  [13]  accelerate  the  beams  from  10  GeV 
to  the  final  beam  energy.  Each  of  the  linacs  includes  roughly 
700  quadrupoles  placed  between  the  accelerator  structures  in  a 
FODO  lattice.  To  preserve  the  low  emittance  beams,  very  tight 
tolerances  are  required  on  the  alignment  and  RF  control.  Beam- 
based  techniques  are  needed  to  achieve  the  alignment  tolerances. 
To  this  end,  dipole  mode  detectors  are  used  in  the  structures  and 
BPM’s  are  placed  in  the  quadrupoles.  In  addition,  both  the  struc¬ 
tures  and  the  quadrupoles  are  supported  on  separate  mechanical 
movers. 

Many  of  the  required  beam-based  alignment  techniques  are 
being  verified  in  the  SLC.  Further  tests  will  be  made  using  AS¬ 
SET  and  the  NLCTA.  While  the  alignment  concepts  are  straight¬ 
forward,  experimental  verification  is  necessary  to  understand  the 
practical  limitations  and  long  term  stability. 

VL  COLLIMATION  AND  FINAL  FOCUS 

After  the  linac  and  subsequent  diagnostics,  the  beam  enters 
a  collimation  system  [14]  which  collimates  both  phases  in  the 
horizontal  and  vertical  planes  as  well  as  the  energy  deviation. 
Although  the  collimation  section  is  relatively  long  (1.8  km  for 
the  1  TeV  design),  it  is  felt  necessary  to  prevent  backgrounds  that 
could  overwhelm  the  detectors. 

Following  the  collimation  section,  an  IP-switch  and  short 
arc  provide  a  10  mrad  deflection  and  direct  the  beam  to  one  of 
the  two  IP’s.  The  design  includes  two  IP’s  to  allow  the  alternate 
detector  designs  and  final  focus  systems  that  would  be  required  to 
optimize  for  y-y  and  y-e~  collisions  as  well  as  e^-e~  collisions. 

Finally,  the  beam  enters  the  final  focus  [15].  At  the  beginning 
of  the  final  focus,  there  are  coupling  control  and  beta-matching 
sections  along  with  phase  space  diagnostics.  The  remainder  of 
the  final  focus  optics  is  similar  to  the  Final  Focus  Test  Beam 
(FFTB)  [16]  with  the  addition  of  two  sextupoles  [17]  to  increase 
the  bandwidth  and  a  crab  cavity  which  is  needed  due  to  10  mrad 
crossing  angle.  The  system  parameters  were  optimized  as  de¬ 
scribed  in  Ref.  [  1 8]  and  the  tolerances  are  described  in  Ref.  [  15] . 
Based  on  the  SLC  and  FFTB  experience,  extensive  consideration 
is  being  given  to  the  tuning  techniques  and  diagnostics  require¬ 
ments,  as  well  as  stability  issues.  Finally,  the  beam  line  from 
the  IP  to  the  dump  [19]  also  contains  extensive  diagnostics  to 
measure  the  beam  centroid,  polarization,  and  disruption,  as  well 
as  secondary  pairs  and  beamstrahlung. 

VII.  DISCUSSION 

In  this  paper,  we  have  given  the  primary  parameters  and 
described  the  layout  of  the  SLAC  NLC.  We  have  also  described 
the  upgrade  path  to  1  TeV,  which  is  being  explicitly  designed  into 
the  collider,  and  possible  upgrade  paths  to  1.5  TeV.  Finally,  we 
are  designing  the  collider  to  operate  over  a  large  range  of  beam 
parameters  to  both  ensure  the  feasibility  of  the  upgrades  as  well 
as  provide  operating  flexibility.  More  detailed  descriptions  of 
the  subsystems  and  tolerances  can  be  found  in  the  references. 


Much  of  the  design  is  based  on  the  operating  experience 
with  the  SLC.  In  addition,  many  of  the  novel  components  of 
the  collider  are  being  or  will  be  tested  in  specially  designed  test 
facilities.  In  particular,  ASSET  and  the  NLCTA  will  verify  the 
RF  system  and  accelerating  structures,  the  FFTB  is  studying  the 
final  focus  designs,  and  the  KEK  ATF  will  study  issues  for  the 
damping  rings. 
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Abstract 

In  this  paper,  we  describe  the  design  of  the  main  damping  rings 
and  the  positron  pre-damping  ring  for  the  SLAC  Next  Linear 
Collider,  a  future  linear  collider  with  a  center-of-mass  energy 
of  0.5  to  1.5  TeV.  The  rings  will  operate  at  an  energy  of  2 
GeV  with  a  maximum  repetition  rate  of  180  Hz.  The  nor¬ 
malized  extracted  beam  emittances  diiQ  y^x  =  3mm-mrad  and 
Y^y  —  0.03  mm-mrad.  To  provide  the  necessary  damping,  the 
rings  must  damp  multiple  trains  of  bunches.  Thus,  the  beam 
current  is  large,  roughly  1  A.  We  will  present  the  optical  layout, 
magnet  designs,  and  RF  systems,  along  with  the  dynamic  aper¬ 
ture  and  required  alignment  tolerances;  collective  effects  will  be 
discussed  in  another  paper. 

t  INTRODUCTION 

The  primary  requirements  of  the  NLC  damping  rings  are 
summarized  in  Table  1  for  two  stages  of  the  NLC  design  [1].  The 
rings  must  produce  electron  and  positron  beams  with  emittances 
of  Y^x  =  3  mm-mrad  and  y^y  =  0.03  mm-mrad  at  a  repetition 
rate  as  high  as  180  Hz.  The  beams  in  the  rings  consist  of  trains 
of  as  many  as  90  bunches,  spaced  by  1.4  ns,  with  a  maximum 
single  bunch  population  of  1.5  x  10^®. 


Table  1 .  Damping  ring  requirements  for  NLC  designs. 


NLC-I(500GeV) 

NLC-III  (1.5  TeV) 

Y^x 

3  X  10~^  m-rad 

3  X  10“^  m-rad 

y^y 

3  X  10~*  m-rad 

3  X  10"^  m-rad 

Rep.  Rate 

180  Hz 

120  Hz 

Bunch  Charge 

0.7  X  lO’o 

1.5  X  10*® 

Bunch  Sep. 

1.4  ns 

1.4  ns 

Bunches/Train 

90 

75 

The  NLC  electron  injector  is  based  on  a  polarized  photo¬ 
cathode  in  a  DC  gun  with  a  subharmonic  buncher  system.  It  is 
designed  to  produce  bunch  trains  with  a  normalized  emittance  of 
Y^x,y  =  100  mm-mrad  and  a  momentum  spread  less  than  ±\%, 
Thus,  the  electron  vertical  emittance  must  be  damped  by  roughly 
four  orders  of  magnitude.  Since  the  damping  ring  must  operate 
uncoupled  to  produce  the  flat  beams,  this  specifies  the  required 
number  of  vertical  damping  times;  assuming  a  vertical  equilib¬ 
rium  emittance  of  2  x  10“®  m-rad,  the  beams  must  be  stored  for 
4.6  vertical  damping  times. 

Thus,  the  primary  design  problems  in  the  rings  involve  at¬ 
taining  both  very  fast  damping  and  very  small  equilibrium  emit- 
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tances  with  a  large  dynamic  aperture  since  the  beam  emittances 
are  large  at  injection.  Simple  scaling  shows  that  these  compet¬ 
ing  requirements  would  force  one  to  a  large  circumference  ring 
which  can  store  and  damp  many  trains  of  bunches  at  the  same 
time  [2]. 

The  situation  is  even  worse  in  the  case  of  the  positron  in¬ 
jector,  where  to  produce  the  required  number  of  positrons,  the 
captured  positron  beam  emittance  is  large;  in  the  NLC  design 
[3],  the  incoming  positrons  have  an  emittance  that  is  roughly 
600  times  the  incoming  electron  emittance  and  an  energy  spread 
of  ±2%.  In  this  case,  it  would  be  extremely  difficult  to  attain  the 
required  damping  and  the  necessary  dynamic  aperture  in  a  single 
ring.  Therefore,  we  will  use  a  pre-damping  ring  to  damp  the  in¬ 
coming  positron  emittance  to  the  level  of  the  incoming  electron 
emittance;  the  positrons  can  then  be  transfered  to  the  main  damp¬ 
ing  ring  which  would  be  identical  to  the  electron  damping  ring. 
Assuming  a  normalized  equilibrium  emittance  of  30  mm-mrad 
in  the  pre-damping  ring,  the  positron  beams  must  be  damped  for 
3.2  damping  times  to  attain  extracted  rms  emittances  equal  to 
that  of  the  incoming  electron  beams. 


Table  2.  Pre-damping  ring  parameters. 


Energy 

1.8 -2.2  GeV 

Circumference 

112m 

Current 

1  Amp 

Vx,  Vyy  Vs 

10.18,  4.18,  0.015 

Y€x,y  (fully  coupled) 

2.5  X  10~^  m-rad 

0.1%,  7.0  mm 

3.0  ms,  4.0  ms,  2.4  ms 

^RFy  IrF 

1.5  MV,  714  MHz 

Table  3.  Main  damping  ring  parameters. 


Energy 

1.8  ~  2.2  GeV 

Circumference 

223  m 

Current 

1  Amp 

Vjc,  Vj,, 

23.81,  8.62, 0.004 

Y^x,Y^y 

3  X  10”^  m-rad,  2  x  10~*  m-rad 

0.09%,  4. 1  mm 

4.0  ms,  4.6  ms,  2.5  ms 

fRF 

1.0  MV,  714  MHz 

The  principal  parameters  of  the  pre-  and  main  damping  rings 
are  listed  in  Tables  2  and  3.  The  nominal  operating  energy  is  2.0 
GeV,  although  the  rings  are  being  designed  to  operate  between 
1.8  GeV  and  2.2  GeV.  This  will  provide  the  operational  flexibil- 
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ity  to  balance  faster  damping  rates  against  smaller  equilibrium 
emittances.  Both  rings  will  store  multiple  trains  of  bunches.  The 
pre-damping  ring  will  store  two  90  bunch  trains  at  once  while  the 
main  damping  ring  will  store  four  90  bunch  trains.  The  bunches 
in  a  train  are  separated  by  1.4  ns  while  the  trains  themselves 
are  separated  by  60  ns  so  that  fast  kickers  can  inject  and  extract 
individual  trains.  In  this  manner,  each  bunch  train  is  stored  for 
two  machine  cycles  in  the  pre-damping  ring  and  four  machine 
cycles  in  the  main  damping  ring.  Finally,  the  maximum  average 
current  is  roughly  1  A  for  the  NLC-III  parameters;  note  that  for 
NLC-III  the  bunch  trains  are  only  75  bunches  long  and  the  train 
separation  is  roughly  80  ns. 

The  pre-damping  ring  will  operate  on  the  difference  cou¬ 
pling  resonance.  In  this  case,  the  equilibrium  emittances  are 

y  =  30  mm-mrad  and  the  transverse  damping  time  is  Tx,y  = 
3.45  ms;  thus,  after  two  180  Hz  machine  cycles,  the  beams  are 
stored  for  3.2  damping  times.  In  the  main  damping  ring,  the 
horizontal  equilibrium  emittance,  including  the  intrabeam  scat¬ 
tering  for  1.5  X  10^^,  is  y€x  =  3,1  mm-mrad  while  the  vertical 
equilibrium  emittance  of  }/€y  =  0.02  mm-mrad  is  determined  by 
the  alignment  tolerances.  Finally,  the  vertical  damping  time  is 
4.64  ms;  this  corresponds  to  roughly  4.8  vertical  damping  times. 
In  both  rings,  the  damping  is  slightly  greater  than  that  required; 
this  provides  a  margin  for  injection  transients  and  mismatches. 

In  the  next  sections,  we  will  briefly  describe  the  optical  de¬ 
sign  of  tfee  positron  pre-damping  ring  and  the  main  damping 
rings.  Then,  we  will  discuss  the  injection/extraction  and  the  RF 
systems.  Finally,  we  will  describe  the  tolerances  and  dynamic 
aperture  of  the  rings. 

11.  OPTICAL  DESIGNS 

Both  rings  are  designed  in  a  race-track  form  with  two  arcs 
separated  by  straight  sections.  The  pre-damping  ring  is  roughly 
110  meters  in  circumference  while  the  main  damping  ring  is 
twice  as  large. 

In  the  pre-damping  ring,  each  arc  consists  of  14  FOOF  cells 
plus  dispersion  matching  sections;  the  FOOF  cell  is  a  modified 
FODO  lattice  where  the  defocusing  quadrupole  is  replaced  by  a 
combined  function  bending  magnet.  Because  the  ring  needs  a 
large  dynamic  aperture  and  does  not  require  a  small  equilibrium 
emittance,  we  use  a  weak  focusing  lattice.  We  chose  to  use  the 
FOOF  structure  since  it  constrains  the  beta  functions,  allowing 
us  to  design  a  smaller  vacuum  chamber  aperture  and  thereby 
less  expensive  magnets.  In  the  arcs,  the  vacuum  chamber  mea¬ 
sures  3  cm  by  3.2  cm.  This  provides  physical  aperture  for  an 
injected  normalized  edge  emittance  of  0.09  m-rad  (50%  larger 
than  nominal)  plus  2  mm  clearance  for  alignment  and  steering. 

In  the  main  damping  ring,  each  arc  consists  of  19  TME  cells 
[4]  plus  dispersion  matching  sections.  The  straight  sections  are 
roughly  30  meters  in  length.  One  side  of  the  ring  is  devoted  to 
the  damping  wigglers  while  the  other  side  contains  the  injection 
and  extraction  components  and  the  RF  cavities. 

The  TME  cells  consist  of  a  single  combined  function  bend¬ 
ing  magnet,  two  focusing  quadrupoles  and  a  single  defocusing 
quadrupole.  Each  cell  contains  six  sextupoles,  in  three  fami¬ 
lies,  to  correct  the  chromaticity.  The  vacuum  chamber  is  circular 
with  a  25  mm  diameter  and  an  ante-chamber  to  handle  the  in¬ 
tense  synchrotron  radiation;  the  chamber  is  described  further  in 


Ref.  [5].  Preliminary  designs  have  been  made  of  the  bending 
magnets,  quadrupoles  and  sextupoles.  The  bending  magnet  has 
a  central  field  of  15.3  kG  with  a  gradient  of  125  kG/m  and  a  half 
gap  of  1.6  cm.  The  quadrupoles  have  a  maximum  gradient  of 
600  kG/m  with  an  aperture  of  1 .6  cm  while  the  sextupoles  have  a 
maximum  gradient  By /dx^  of  30,000  kG/m^  with  an  aperture 
of  1.7  cm.  In  all  cases,  the  poles  are  designed  to  fit  around  the 
ante-chamber. 

In  addition,  the  main  damping  ring  requires  roughly  25  me¬ 
ters  of  high  field  wiggler  to  attain  the  desire  damping  times.  The 
two  parameters  that  are  relevant  for  a  damping  wiggler  are  the 
integral  of  jBJ,  which  determines  the  damping,  and  the  quantum 
excitation,  which  is  set  by  the  field  and  the  period.  In  the  NLC 
design,  we  have  chosen  to  consider  a  relatively  short,  high  field 
device.  If  we  assume  a  sinusoidal  By  with  a  peak  of  22  kG 
(close  to  the  saturation  of  Vanadium  Permandur),  then  we  need  a 
length  of  25.6  meters  and  a  period  of  25  cm.  Simple  scaling  laws 
suggest  that  such  a  wiggler  could  be  build  as  either  a  permanent 
magnet  hybrid  wiggler  or  an  electromagnetic  wiggler. 

The  SSRL  Beam-Line  9  wiggler  [6],  which  was  recently 
constructed,  nearly  meets  our  requirements.  It  is  a  hybrid  wig¬ 
gler  with  a  peak  field  of  20.5  kG  and  a  26  cm  period.  Because 
the  wiggler  poles  were  designed  to  optimize  the  total  flux,  the 
field  is  not  sinusoidal  and  the  integral  of  By  is  within  1%  of  our 
requirements. 

III.  INJECTION/EXTRACTION 

In  both  damping  rings,  injection  and  extraction  are  per¬ 
formed  using  DC  septum  magnets  and  pulsed  kicker  magnets. 
The  design  concept  is  similar  to  the  system  developed  for  the 
SLC  [7].  The  kickers  are  required  to  inject  or  extract  a  single 
126  ns  bunch  train  onto  or  from  the  closed  orbit  without  dis¬ 
turbing  the  other  stored  bunches.  Thus  the  rise  and  the  fall  times 
must  be  less  than  the  train  separation  60  ns.  Finally,  to  reduce  RF 
transients,  a  new  bunch  train  is  injected  on  the  same  revolution 
that  a  damped  bunch  train  is  extracted. 

The  main  damping  ring  kickers  must  provide  a  deflection  of 
2.5  mrad  with  a  stability  of  AO/0  <  0.5  x  10“^  for  the  extrac¬ 
tion  kickers  and  AO/0  <  3.5  x  10“^  for  the  injection  kickers; 
these  tolerances  limit  the  beam  jitter  due  to  the  kickers  to  10% 
of  the  beam  size.  The  deflection  can  be  provided  using  a  1.2 
meter  kicker  with  an  impedance  of  50  C2  and  a  voltage  of  17  kV. 
Achromatic  (double)  kicker  systems  will  be  used  to  ease  the  sta¬ 
bility  requirements.  Here,  an  identical  kicker,  powered  by  the 
same  pulser,  is  placed  in  the  injection/extraction  line  and  sepa¬ 
rated  from  the  kicker  in  the  ring  by  a  horizontal  ±I  transform. 
Finally,  to  reduce  the  rise  and  fall  times  requirements,  the  injec¬ 
tion  and  extraction  kickers  in  the  ring  are  also  separated  by  a  ±7 
transform  in  the  horizontal  plane;  the  rising  and  falling  kicker 
pulses  can  then  be  tuned  to  compensate  the  deflections  to  the 
stored  beams. 

In  the  pre-damping  ring,  because  of  the  large  beam  emit¬ 
tances,  the  required  deflection  is  roughly  three  times  larger  and 
the  required  kicker  aperture  is  roughly  50%  larger  than  in  the 
main  damping  ring.  Fortunately,  the  stability  requirements  are 
relaxed  by  a  factor  of  two.  To  maintain  conservative  magnet 
and  pulser  designs,  both  the  injection  and  the  extraction  kickers 
would  consist  of  four  50  cm  magnets  powered  in  parallel. 
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IV.  RF  SYSTEMS 


The  RF  parameters  are  summarized  in  Tables  2  and  3.  Both 
rings  will  use  714  MHz  systems;  this  is  the  lowest  frequency 
that  is  consistent  with  the  1.4  ns  bunch  spacing.  Because  of  the 
long  bunch  trains,  the  RF  cavities  must  have  HOM  damping.  At 
this  stage  of  the  design,  we  have  assumed  scaled  versions  of  the 
PEP-II  single-mode  RF  cavities  [8];  further  discussion  can  be 
found  in  Ref.  [5]. 

In  the  pre-damping  ring,  the  required  RF  voltage  is  deter¬ 
mined  by  the  size  of  the  RF  bucket.  The  incoming  beam  is 
expected  to  have  a  momentum  deviation  of  ±2%.  This  would 
require  an  RF  voltage  of  2,5  MV.  Instead,  an  energy  compressor, 
located  at  the  entrance  of  the  ring,  will  reduce  the  incoming  en¬ 
ergy  deviations  by  a  factor  of  two.  Thus,  we  plan  to  use  an  RF 
voltage  of  1.5  MV;  this  provides  an  energy  bucket  of  1.5%. 

In  the  main  damping  ring,  the  RF  voltage  is  determined 
by  the  energy  loss  per  turn.  The  synchrotron  radiation  loss  is 
635  keV/tum  and  we  have  estimated  the  parasitic  losses  at  120 
keV/tum  by  scaling  from  the  old  PEP  ring.  This  is  felt  to  be 
a  conservative  estimate;  scaling  from  the  ALS  or  the  PEP-II 
rings  suggest  parasitic  losses  an  order  of  magnitude  smaller.  In 
this  case,  a  1  MV  RF  voltage  would  be  sufficient.  It  provides 
sufficient  voltage  to  prevent  the  beam  loading  instability  while 
allowing  for  a  longer  bunch  length  which  is  desirable. 

V.  TOLERANCES  AND  DYNAMIC  APERTURE 

The  tolerances  in  the  pre-damping  ring  are  determined  by 
the  requirements  on  the  dynamic  aperture  while  the  tolerances 
in  the  main  damping  rings  are  dominated  by  the  requirements 
on  the  vertical  equilibrium  emittance.  In  the  pre-damping  ring, 
the  bare  ring  (without  errors)  has  a  normalized  acceptance  of 
yA  <  0.45m-rad  over  8pfp  =  ±2%;  the  acceptance  is  = 
+  2a xx^  -h  fix'^).  With  random  transverse  alignment, 
rotation,  and  strength  errors  of  200  fim,  1  mrad,  and  0.1%  rms 
on  all  elements,  the  acceptance  is  reduced  to  0.2m-rad.  This  is 
still  a  factor  of  two  larger  than  the  physical  aperture. 

In  the  main  damping  ring,  the  primary  limitation  arises  from 
the  vertical  dispersion  generated  by  misalignments  of  the  sex- 
tupoles  and  rotation  errors  of  the  strong  focusing  quadrupoles. 
The  alignment  tolerances  required  to  attain  an  equilibrium  emit¬ 
tance  of  2  X  10“*  m-rad  are  listed  in  Table  4.  These  tolerances 
assume  the  use  of  four  skew  quadrupoles  to  corrected  the  vertical 
dispersion  errors. 


Table  4.  Alignment  tolerances  in  the  main  damping  ring. 


Sextupole  (X/T/©)  [/xm/mrad] 

100/50/1 

Arc  QFs  (X/y/©)  [/iin/mrad] 

100/100/0.6 

Other  Quads.  (X/F/0)  [/xm/mrad] 

100/100/1 

Bends  (X/F/©)  [jum/mrad] 

100/100/0.6 

BPMs  (X/F/©)  [/xm/mrad] 

100/100/1 

The  tolerances  for  the  dynamic  aperture  are  looser.  Doubling 
the  nominal  alignment  tolerances  listed  in  Table  4  still  yields  an 
aperture  in  excess  of  3cr  for  an  injected  beam  with  ten  times  the 
nominal  injected  emittance  and  a  relative  momentum  deviation 
between  ±1%. 


Obviously,  both  rings  have  severe  alignment  tolerances.  To 
attain  the  required  values,  we  plan  to  use  a  beam-based  alignment 
technique  where  trims  on  the  individual  magnets  are  varied  and 
the  resulting  orbit  deflections  are  used  to  infer  the  magnet  centers. 
Similar  techniques  are  being  used  successfully  at  the  ALS  and 
LEP  storage  rings. 

VI.  DISCUSSION 

In  this  paper,  we  have  presented  the  design  of  the  SLAC 
NLC  damping  rings.  Both  a  large  aperture  pre-damping  ring 
and  a  main  damping  ring  are  needed  to  damp  the  positron 
beam  while  a  single  ring  is  used  for  the  electron  beam.  The 
extracted  emittances  of  the  rings  are  y€x  =  3  mm-mrad  and 
y€y  =  0.03  mm-mrad.  We  have  discussed  the  optical  designs, 
the  RF  systems,  the  injection/extraction  kickers,  and  the  align¬ 
ment  tolerances  and  dynamic  aperture.  Further  discussion  of 
collective  effects  can  be  found  in  Ref.  [5]. 
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Abstract 

A  bunch  compressor  design  for  the  Next  Linear  Collider  (NLC) 
is  described.  The  compressor  reduces  the  bunch  length  by  a  fac¬ 
tor  of  40  in  two  stages.  The  first  stage  at  2  GeV  consists  of  an 
rf  section  and  a  wiggler.  The  second  stage  at  10  GeV  is  formed 
by  an  arc,  an  rf  section,  and  a  chicane.  The  final  bunch  phase  is 
insensitive  to  initial  phase  errors  and  to  beam  loading  in  the  in¬ 
termediate  S-band  pre-linac.  Residual  longitudinal  aberrations 
of  the  system  are  partially  compensated.  The  bunch  compressor 
encompasses  a  solenoid  spin-rotator  system  at  2  GeV  that  allows 
complete  control  over  the  spin  orientation. 

1.  INTRODUCTION 

The  purpose  of  the  NLC  bunch  compressor  is  to  reduce  the 
bunch  length,  which  is  about  4  mm  at  extraction  from  the  damp¬ 
ing  rings,  to  100  //m,  suitable  for  injection  into  the  main  X-band 
linac.  The  bunch  compressor  may  have  to  compensate  bunch-to- 
bunch  phase  errors  due  to  beam-loading  in  the  damping  ring  un¬ 
less  the  latter  is  compensated  by  some  other  means.  This  requires 
a  rotation  by  tt /2  in  the  longitudinal  phase  space  so  that  phase  er¬ 
rors  are  converted  into  energy  errors.  The  compressor  also  has 
to  compensate  for  beam-loading  effects  originating  in  its  various 
accelerating  sections,  and  it  provides  a  trombone-like  arm,  re¬ 
versing  the  direction  of  the  beam  before  injection  into  the  main 
linac.  This  gives  space  for  abort  systems,  allows  feed-forward 
from  the  ring  to  the  linac,  and  facilitates  future  upgrades.  Fur¬ 
thermore,  the  bunch  compressor  includes  a  spin-rotator  system, 
and  provides  tuning  elements  and  diagnostics  to  correct  disper¬ 
sion  and  coupling.  To  determine  the  optimum  parameters  of  the 
system,  three  different  scenarios  are  considered,  denoted  NLC  I, 
NLC  II  and  NLC  III,  corresponding  to  different  upgrade  stages 
(see  Table  I).[l] 


Table  1.  1 

rhree  differei 

It  NLC  see 

narios. 

NLC  I 

NLCn 

NLCm 

c.m.  energy 

500  GeV 

1  TeV 

1.5  TeV 

gradient 

36.7  MV/m 

61  MV/m 

75  MV/m 

main  linac  length 

6.9  km 

8.3  km 

10  km 

AT/bunch 

0.66-10^^ 

1.1  •  10*^ 

1.5  ■10^'^ 

The  proposed  bunch  compressor  comprises  two  stages  and  an 
intermediate  S-band  pre-linac  that  accelerates  the  beam  from  2 
GeV  to  10  GeV  [2].  The  design  is  illustrated  in  Figure  1. 

The  parameters  of  the  compressor  system  are  chosen  such 
that,  first,  the  energy  spread  at  the  end  of  the  X-band  linac  is 
smaller  than  the  bandwidth  of  the  final  focus  system;  second,  no 
significant  energy  tails  are  generated;  and  third,  both  the  mean 
energy  and  the  energy  spread  at  the  end  of  the  linac  are  insen¬ 
sitive  to  phase  and  energy  errors  resulting  from  beam  loading  in 
damping  rings  and  pre-linac,  respectively.  The  phase  error  at  ex¬ 
traction  from  the  damping  ring  may  be  as  large  as  20®  S-band  (or 

*  Work  supported  by  Department  of  Energy  contract  DE-AC03-76SF005 1 5 

0-7803~3053-6/96/$5.00  ®1996  IEEE 


Figure  1.  Schematic  of  the  NLC  bunch  compressor. 


6  mm),  while  at  the  end  of  the  pre-linac  the  energy  variation  over 
the  bunch  train  due  to  multi-bunch  beam  loading  is  about  0.15% 
[3].  Tolerance  on  the  phase  at  the  exit  of  the  second  compressor 
is  I  A;^|  <  10  fjtm  to  limit  the  relative  energy  change  at  the  end 
of  the  main  linac  to  0.1%. 

The  design  of  the  two  compressor  stages  is  decribed  in  Section 
II.  Section  III  is  devoted  to  residual  longitudinal  aberrations  and 
their  compensation.  Section  IV  discusses  the  final  beam  distri¬ 
bution  expected  from  simulations;  Section  V  discusses  the  spin 
rotator  system.  Tuning  elements  are  described  in  Section  VI. 

IL  COMPRESSOR  STAGES 

The  first  stage  (BCl),  at  2  GeV,  consisting  of  an  rf  and  a 
wiggler  section,  rotates  the  beam  by  90  degrees  in  the  longitu¬ 
dinal  phase  space,  to  convert  initial  phase  errors  due  to  beam 
loading  in  the  damping  ring  into  energy  errors,  and  reduces  the 
bunch  length  by  roughly  a  factor  of  10,  from  about  4  mm  to  500 
/im.  This  compression  is  realized  by  an  rf  section  that  generates 
a  5-z  correlation,  followed  by  a  bending  section  with  energy- 
dependent  path  length.  In  this  case  the  bending  section  is  a  wig¬ 
gler  consisting  of  four  90®  cells  with  quadrupoles  at  zero  dis¬ 
persion  points  [2].  For  a  given  rf  frequency  (here  L-band),  all 
other  parameters  are  determined  by  the  incoming  beam.  If  the 
initial  energy  spread  is  J  «  10“^  the  desired  bunch  length  is  ob¬ 
tained  with  Rse  =  0.5  m.  Parameters  are  listed  in  Table  II.  In 
the  table,  the  terms  ya  and  yq  denote  the  alignment  tolerances 
for  accelerating  structures  and  quadrupoles  due  to  a  1%  emit- 
tance  dilution  from  single-bunch  Wakefields  or  dispersion,  re¬ 
spectively,  and  the  superscript  c  refers  to  a  compensating  rf  sys¬ 
tem  discussed  in  the  next  section. 

After  BCl,  a  500-m  long  S-band  pre-linac  accelerates  the 
beam  to  10  GeV  The  vacuum  pressure  in  the  pre-linac  has  to  be 
better  than  10“®  torr.  This  pressure  reduces  the  emittance  dilu¬ 
tion  expected  from  filamentation  and  nonlinear  coupling  due  to 
ions  [4]  and  alleviates  the  effect  of  a  predicted  fast  transverse 
beam-ion  instability  [5].  After  the  pre-linac,  the  second  com¬ 
pressor  stage  (BC2)  at  10  GeV  performs  a  360-degree  rotation 
in  phase  space,  and  reduces  the  bunch  length  to  100  ^m,  appro¬ 
priate  for  injection  into  the  main  X-band  linac.  A  360-  (or  180- 
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)  degree  rotation  is  required  to  prevent  bunch-to-bunch  energy 
errors  caused  by  beam  loading  in  the  pre-linac,  or  phase  errors 
in  the  damping  ring,  from  translating  back  into  phase  errors  in 
the  main  linac.  An  arc,  a  second  rf  section,  and  a  chicane  are 
the  components  of  BC2.  Two  parameters  may  be  selected  inde¬ 
pendently,  for  instance  the  rf  frequency  and  the  of  the  chi¬ 
cane.  For  the  S-band  rf  chosen,  the  waveform  is  more  linear  and 
transverse  wakefields  are  less  severe  than  for  X-band.  The  ad¬ 
ditional  length  required  is  a  disadvantage  of  S-band  frequency. 
To  reduce  the  nonlinearities  in  the  longitudinal  transformation 
(T566  term  in  TRANSPORT  notation  [6])  the  of  the  chicane 

is  rather  small,  namely  36  mm.  The  necessary  rf  voltage  VJ./  is 
then  3.87  GV  and  the  length  of  the  accelerating  section  is  large: 
200  m.  The  arc  comprises  60  FODO  cells  of  separated  function 
magnets  and  does  not  include  distributed  sextupoles,  the  align¬ 
ment  tolerances  for  which  would  be  severe;  its  R^e  can  be  easily 
adjusted  with  die  horizontal  phase  advance.  The  chicane  is  con¬ 
structed  from  four  10-m  bending  sections  [2].  More  parameters 
are  given  in  Table  II.  Where  two  values  are  listed  in  the  table, 
the  first  refers  to  the  arc,  the  second  to  the  chicane.  Note  that  the 
horizontal  emittance  increases  by  about  2.6%  due  to  synchrotron 
radiation  in  wiggler,  arc  and  chicane. 

A  single-stage  compressor  does  not  appear  to  be  a  viable  al¬ 
ternative  to  the  two-stage  design,  because  the  final  energy  spread 
of  5%  would  increase  both  the  effect  of  nonlinearities  in  the  lon¬ 
gitudinal  phase  space  (see  next  section)  and  the  sensitivity  to  in¬ 
coming  phase  variations.  This  energy  spread  would  furthermore 
make  transverse  emittance  preservation  a  difficult  task. 


Table  2.  Parameters  for  the  two  compressor  stages. 


1.  stage 

2.  stage 

Enagy 

2GeV 

lOGeV 

(Tz 

4  mm  500  pi 

500  (1  — ^  100  pi 

are 

0.1%^  1.0% 

0.25% ->2.1% 

Vr, 

136  MV 

3.87  GV 

Irf 

1.4  GHz 

2.8  GHz 

Lr, 

9  m 

200  m 

fhe 

0.5  m 

—0.217  m,  36  mm 

‘i?56*  length 

100  m 

370  m,  210  m 

O-x 

1.3% 

1.3%,  0.05% 

bend  hot  aperture 

3  cm 

10  cm 

Vat 

40^ 

~  8  /i. 

. . . . .  3^ . 

17 /X 

~  8  ^ 

6.9  MV 

276  MV 

frj 

2.8  GHz 

11.4  GHz 

Kf 

0.5  m 

8  m 

total  length 

110m 

800  m 

III.  LONGITUDINAL  ABERRATIONS 

Second-order  dependence  on  energy  of  the  path-length  (i.e., 
T566  transfer-matrix  element)  in  wiggler  and  chicane  introduces 
an  important  nonlinear  aberration  in  the  longitudinal  phase  space 
[7].  This  nonlinearity  causes  a  strong  sensitivity  of  the  final  en¬ 
ergy  at  the  end  of  the  main  linac  to  the  initial  phase.  The 
is  proportional  to  the  R^e'  for  wiggler  and  chicane  ~ 
—  and  for  the  arc  T^qq  «  1.9  •  R^q.  The  T566  transfer- 
matrix  element  is  harmful  for  two  reasons.  First,  initial  phase  er¬ 
rors  are  converted  into  energy  errors  by  BCl,  which  in  turn,  due 
to  the  T^qq  of  the  wiggler,  cause  a  phase  offset  in  the  pre-linac. 
The  result  is  an  additional  energy  change  that  may  either  add  to 


or  cancel  the  previous  energy  error,  depending  on  the  sign  of  the 
offset.  The  energy  error  is  further  enhanced  by  BC2  and,  due  to 
the  T566  of  the  chicane,  a  significant  phase  error  in  the  main  linac 
is  generated.  A  second  effect  is  that,  depending  on  the  sign  of  the 
phase  error,  the  can  either  increase  or  counteract  the  non¬ 
linearity  of  the  rf  over  the  bunch,  giving  rise  to  an  asymmetry  of 
bunch  length  versus  phase  error,  for  each  compressor  stage  sep¬ 
arately.  To  reduce  these  harmful  effects,  a  small  value  of  36  mm 
was  chosen  for  the  R^e  of  the  chicane. 

Even  then  the  residual  nonlinear  effects  are  still  so  large  that 
they  need  to  be  compensated.  In  the  proposed  design  this  is 
done  by  an  additional,  decelerating  rf  system  in  each  compres¬ 
sor  stage.  The  required  compensating  rf  voltage  is 


rpWyC 

_2_  566 


f^feV^ 


K 


'56 


Jrf<f 

■ 


(1) 


where  E  is  the  beam  energy,  e  the  electron  charge,  and  the  su¬ 
perscripts  w  and  c  refer  to  wiggler  or  chicane.  The  voltage  V^j 
is  about  7  MV  and  300  MV  for  an  S-band  and  an  X-band  com¬ 
pensation  in  BCl  and  BC2,  respectively. 

The  residual  longitudinal  aberrations  are  now  of  third  order 
and  higher.  An  initial  phase  error  or  multi-bunch  beam  loading 
may  cause  an  energy  offset  S  of  the  entire  bunch  at  the  entrance  to 
BC2.  In  addition,  the  longitudinal  wakefields  in  the  pre-linac  in¬ 
duce  a  mainly  quadratic  correlation  between  energy  and  the  lon¬ 
gitudinal  position  z  of  a  single  particle  with  respect  to  the  bunch 
center.  Due  to  the  R^q  of  the  arc,  the  total  energy  error  trans¬ 
lates  into  a  position  error  at  the  two  rf  systems  of  BC2,  which  is 
transformed  once  more  into  energy  by  the  rf,  and  back  into  lon¬ 
gitudinal  phase  by  the  T§qq  of  the  chicane.  The  final  phase  zj  of 
a  single  particle  at  the  exit  of  BC2  is 


Zf  ^  az  bz^  —  cS^z^  —  dSz'^  —  eSz^  +  . . .  (2) 


where  a  «  1/5-1 /7  is  the  desired  linear  compression  ratio,  and 
the  four  nonlinear  terms  on  the  right-hand  side  are  about  the  same 
size  (10-20  fi),  for  typical  values  S  ^  ±0.004  and  500  fi. 
These  four  terms  are  negligible  if  either  the  T^qq  or  the  pre-linac 
wakefields  are  absent. 


IV.  PERFORMANCE 

Computer  simulations  of  the  longitudinal  single-bunch  dy¬ 
namics  are  performed  with  the  code  LITRACK  [8],  taking  into 
account  the  nonlinear  rf  waveform,  Tsee  matrix-elements,  and 
single-bunch  longitudinal  wakefields.  A  distribution  of  particles 
as  extracted  from  the  damping  ring  is  tracked  through  the  differ¬ 
ent  compressor  subsystems  and  the  main  X-band  linac.  The  full- 
width-half-maximum  energy  spread  for  zero-phase  error  was 
chosen  to  be  roughly  0.6%.  The  simulations  show  that  even  for 
NLC  III  the  final  average  energy  and  the  rms  energy  spread  at 
the  end  of  the  main  linac  vary  by  less  than  0.1%  for  initial  phase 
errors  up  to  20®  S-band.  Figure  2  illustrates  the  energy  profile  at 
the  end  of  the  main  linac  for  no  initial  phase  error.  A  deformation 
of  the  distribution  for  NLC-III,  due  to  the  increased  wakefields 
in  the  pre-linac,  is  clearly  evident. 

V.  SPIN  ROTATOR 

The  spin-rotator  system  located  between  the  damping  ring  and 
BCl  (see  Fig.  1),  is  constructed  from  two  solenoid  pairs  sepa- 
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Figure  2.  Energy  profile  at  the  end  of  the  main  linac  for  NLC I 
and  NLC  III  (Table  I),  and  no  initial  phase  error, 

rated  by  a  19.83^  mini-arc  [9],  The  two  solenoids  of  each  pair 
are  separated  by  a  reflector  beamline,  whose  horizontal  and  ver¬ 
tical  transfer  matrices  are  -h/  and  respectively.  This  cancels 
the  x-y  coupling  independent  of  solenoid  settings.  Each  solenoid 
pair  is  capable  of  providing  a  90®  spin  rotation  about  the  longitu¬ 
dinal  axis,  while  the  mini-arc  rotates  the  spin  by  90®  around  the 
vertical  axis.  In  this  way  arbitrary  control  over  the  spin  orienta¬ 
tion  is  provided.  Relative  depolarization  in  the  compressor  arc  at 
10  GeV  is  less  than  1.6%,  and  total  of  the  rotator  arc  is  -40 
mm,  with  no  effect  on  the  bunch  length  after  BCl.  The  chro¬ 
matic  emittance  dilution  at  0.1%  rms  energy  spread  is  ~0.5%. 

VL  TUNING  AND  DIAGNOSTICS 

Extensive  simulations  of  tuning  and  correction  schemes  have 
been  performed  for  the  spin  rotator  and  for  BCl.  So  far  little 
work  has  been  done  for  BC2.  Corrections  in  BC2  are  not  ex¬ 
pected  to  be  difficult. 

The  large  energy  spread  after  BCl  sets  tight  tolerances  on  the 
residual  dispersion,  e.g.,  the  maximum  tolerable  dispersion  for 
a  2%  emittance  dilution  is  about  175  /i  behind  BCl.  Therefore, 
two  orthogonal  —I  pairs  of  quadrupoles  and  skew  quadrupoles 
are  placed  at  large  dispersion  points  in  the  wiggler  section  of 
BCl  for  dispersion  correction.  Two  more  skew  quadrupoles, 
separated  by  a  phase  advance  of  90®,  are  located  in  the  mini¬ 
arc  section  of  the  spin  rotator.  These  quadrupoles  cancel  disper¬ 
sion  generated  in  front  of  the  BCl  rf  section.  Cross-plane  cou¬ 
pling  generated  in  the  damping  ring  or  due  to  imperfections  in 
the  rotator  system  is  compensated  by  a  skew  correction  section 
(SCS).  The  SCS  follows  the  spin  rotator  and  contains  4  orthonor¬ 
mal  skew  quadrupoles  (orthogonal  and  equally  scaled)  that  al¬ 
low  complete  decoupling.  Four  variable  quadrupoles  match  the 
beam  extracted  from  the  damping  ring  to  the  rotator  optics.  To 
maintain  the  periodic  beta  functions  in  the  spin  rotator  itself  for 
varying  solenoid  fields,  two  four-quadrupole  beta-matching  sec¬ 
tions  are  located  in  front  of  and  behind  the  mini-arc.  In  addition 
several  matching  quadrupoles  are  found  between  SCS  and  BCl 
and  following  BCl.  The  rf  in  BCl  may  be  turned  off  to  ease 
beta  matching  and  decoupling.  A  correction  of  second-order  dis¬ 
persion  is  necessary  only  if  the  vertical  emittance  dilution  due 
to  first  order  dispersion  mismatch  is  larger  than  a  factor  of  ten. 
In  that  case  four  paired  skew  sextupoles  are  added  to  the  wig¬ 
gler  section.  Four  wire  scanners  at  45®  phase  advance  intervals 
are  located  behind  the  wiggler  and  used  to  adjust  the  above  cor¬ 
rectors  by  minimizing  the  projected  emittance.  In  addition  wire 
scanners  placed  at  high  dispersion  points  in  mini-arc  and  wig¬ 


gler  measure  the  extracted  energy  spread  and  bunch  length,  re¬ 
spectively.  Tuning  simulations  with  the  SLC  flight  simulator 
[10]  for  an  initial  emittance  dilution  by  a  factor  200,  due  to  rms 
quadrupole  field  errors  of  1  %  and  rms  dipole  roll  errors  of  0.25® , 
result  in  a  final  emittance  dilution  of  less  than  2%.  This  tuning 
procedure  would  require  about  16  hours  of  real  machine  time. 

VII.  CONCLUSIONS 

A  design  of  a  two-stage  bunch  compressor  for  the  NLC  has 
been  described  that  meets  all  specifications,  as  far  as  single¬ 
bunch  dynamics  is  concerned.  A  single-stage  compressor  does 
not  appear  to  be  a  viable  alternative.  Multi-bunch  effects  in  the 
compressor  have  not  yet  been  studied  in  detail.  Also  the  optimi- 
mum  bunch  shape  at  the  exit  of  BC2  still  needs  to  be  determined. 
A  larger  value  for  the  matrix  elements  of  arc  and  chicane  is 
desirable,  since  it  would  allow  a  length  reduction  of  the  rf  section 
in  BC2.  It  is  not  yet  known  if  the  increased  sensitivity  to  initial 
phase  errors  and  to  energy-errors  in  the  S-band  pre-linac  would 
be  tolerable. 
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Abstract 

The  final  focus  of  the  Next  Linear  Collider  (NLC)  demagnifies 
electron  and  positron  beams  of  250-750  GeV  energy  down  to  a 
transverse  size  of  about  2.5  x  350  nm^  at  the  interaction  point 
(IP).  The  basic  layout,  momentum  bandwidth,  vibration  toler¬ 
ances,  Wakefield  effects,  and  the  tunability  of  the  proposed  final 
focus  design  are  discussed.  Also  a  perspective  is  given  on  the 
crab  cavity  and  on  effects  of  the  solenoid  field  in  the  interaction 
region. 

1.  INTRODUCTION 

The  purpose  of  the  NLC  final  focus  system  is  to  transport 
electron  and  positron  beams  at  500  GeV  from  the  end  of  the 
big  bend  to  the  IP,  where  the  demagnified  beams  are  collided. 
The  design  spot  size  at  the  interaction  point  (IP)  is  about  2.5 
nm  vertically  and  250^20  nm  horizontally.  The  normalized 
emittances  before  collision  are  assumed  to  be  as  «  5  x  lO”® 

m,  76y  w  5  X 10”®  m,  and  the  intrabunch  rms  momentum  spread 
as  rJ «  0.3%. 

The  entrance  of  the  final  focus  system  is  formed  by  a  skew- 
correction  section  (SCS)  and  a  diagnostics  section  (DS)  fol¬ 
lowed  by  a  beta-matching  section  (BMS),  horizontal  and  verti¬ 
cal  chromatic  correction  sections  (CCX  and  CCY),  and  the  final 
transformer  (FT).  The  final  focus  design  is  flexible  enough  to  be 
operated  at  500,  as  well  as  at  250  GeV.  Furthermore,  an  upgrade 
to  a  beam  energy  of 750  GeV  is  possible.  All  data  and  figures  in 
this  report  refer  to  the  design  for  a  500  GeV  beam  energy,  unless 
noted  otherwise. 

Table  I  lists  important  beam  parameters  at  the  interaction 
point.  The  luminosity  may  be  doubled  by  reducing  to  10 
mm.  The  minimum  horizontal  beta  function  at  the  IP  will  be  de¬ 
termined  by  the  maximum  tolerable  number  of  beamstrahlung 
photons  and  by  the  synchrotron  radiation  in  the  final  doublet 
(^Oide  effect’  [8]). 

Section  II  discusses  the  SCS.  Section  III  presents  two  op¬ 
tions  for  the  DS.  Section  IV  describes  the  BMS.  The  CCX,  beta- 
exchanger  (BX),  CCY  and  FT  are  discussed  in  Section  V.  Sec¬ 
tion  VI  addresses  the  final  doublet,  and  Section  VII  discusses 
the  solenoid  field  and  the  crab  cavity. 

IL  SKEW  CORRECTION  SECTION 

The  large  emittance  ratio  of  Cx/cy  «  100  in  the  NLC  makes 
a  dedicated  SCS  highly  desirable.  The  SCS  contains  four  or¬ 
thonormal  skew  quadrupoles  (  i.e.,  they  are  orthogonal  and 
equally  scaled).  Each  of  the  four  skew  quadrupoles  corrects  one 
of  the  four  beam  correlations  {xy),  (xi/),  and  (x  V)-  The 

first  and  second,  and  also  the  third  and  fourth,  skew  quadrupoles 
are  separated  by  FODO  cells  with  betatron  phase  advances  of 
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Table  I 

Basic  interaction-point  beam  parameters. 


c.m.  energy 

ITeV 

comments 

L  [cm”^ 

(2.7  X  10»«)  1.3  X 

Luminosity 

Nb 

1.1  X  10^'^ 

Particles  per  bunch 

nb 

90 

Number  of  bunches 

f 

120  Hz 

Bunch  trains  per  s 

Hd 

1.32 

Enhancement  factor 

(Tx 

(220)  420  nm 

variable 

2.5  nm 

PZ 

(10)  37  mm 

variable 

PI 

100  /xm 

5  X  10“^^  m 

=  5  X  10”^^  m 

5  X  10“*^  m 

'yty  =  5  X  m 

(22)12,22Airad 

IP  divergence 

(Tz 

100 

variable 

Oc 

20  mrad 

Crossing  angle 

^rms 

3  X  10“^ 

Energy  spread 

2  m 

Free  length  from  IP 

A(f>x^y  =  7r/2  while  the  phase  advances  between  the  second  and 
third  are  A<j>x  =  tt,  and  A(j>y  =  7r/2.  The  SCS  is  about  110 
m  long,  and  is  able  to  correct  a  300%  emittance  dilution  due  to 
linear  coupling. 

III.  DIAGNOSTICS  SECTION 

The  correctors  of  the  SCS  are  adjusted  based  on  emittance 
measurements  in  the  DS,  which  is  located  immediately  down¬ 
stream,  The  projected  emittances  may  be  measured  separately 
in  the  horizontal  and  vertical  plane.  Alternatively,  the  DS  can 
be  designed  such  that  a  four-dimensional  measurement  deter¬ 
mines  the  two  invariant  emittances,  as  well  as  all  four  coupling 
parameters.  The  first,  single-plane  scheme  would  use  four  wire 
scanners  (with  two  different  wires — horizontal  and  vertical)  sep¬ 
arated  by  a  phase  advance  of  tt/A.  In  this  case,  the  DS  is  about 
70  m  long.  The  linear  coupling  is  removed  by  minimizing  the 
vertical  projected  emittance  with  each  skew  quadrupole  of  the 
SCS  in  turn.  This  procedure  is  invasive,  has  to  be  reiterated  at 
least  once,  and  may  require  several  hours  to  perform.  On  the 
other  hand,  the  fully-coupled  scheme  needs  two  additional  wire 
scanners,  as  well  as  45®  wires  on  each  scanner,  and  its  length  is 
about  twice  that  of  the  single-plane  scheme:  This  scheme  allows 
a  complete  coupling  measurement  and  correction  within  a  few 
minutes,  and  could  possibly  be  integrated  into  a  feedback  loop 
for  automatic  continuous  decoupling. 

IV.  BETA-MATCHING  SECTION 

The  BMS  is  used  to  adapt  the  IP  beta  functions  and  the  waist 
position  to  varying  incoming  beam  conditions,  and  to  adjust  the 
phase  advance  between  the  collimator  region  and  the  IP.  The 
BMS  contains  six  quadrupoles  and  is  350  m  long. 

The  magnification  and  waist  positions  can  be  verified  at  a  pre- 
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Figure  1.  Comparison  of  relative  increase  of  vertical  spot  size 
with  and  without  Brinkmann-sextupoles  as  a  function  of  the 
half- width  A  of  a  uniform  momentum  distribution,  for  =  37 
mm  and  /?*  =  100  fim.  Synchrotron  radiation  effects  not  in¬ 
cluded. 

image  of  the  IP  located  in  the  BX,  where  a  sensitive  beam  size 
monitor,  such  as  a  laser-interferometer  [1],  will  be  installed.  The 
energy  spread  is  sufficiently  large  that,  under  normal  operating 
conditions,  the  spot  size  at  the  pre-image  is  dominated  by  chro¬ 
matic  effects.  Therefore,  the  strength  of  the  main  sextupoles  in 
the  CCX  must  be  adjusted  during  tune-up,  and  only  one  plane 
can  be  measured  at  a  time.  The  chromatically- corrected  beam 
sizes  at  the  pre-image  are  (Za;  «  1 -4  p  and  cTj^  «  100  nm. 

A  conventional  wire  scanner  immediately  upstream  of  the 
CCY,  where  the  spot  size  is  about  100  //  in  both  planes,  serves 
as  a  "divergence*  monitor,  which  is  used  to  determine  the  actual 
beta  functions  at  the  pre-image. 


V.  CCX,  CCY  AND  FINAL  TRANSFORMER 

A.  Layout 

After  the  BMS  the  beam  traverses  CCX,  BX,  CCY,  and  FT. 
The  CCX  and  the  CCY  contain  sextupole  pairs  separated  by  a 
—I  transfer  matrix  to  compensate  for  the  chromaticity  of  the  fi¬ 
nal  doublet.  The  chromaticity  between  the  two  sextupoles  of 
each  pair,  as  well  as  inside  the  BX  and  in  the  FT,  is  locally 
compensated  for  by  means  of  nine  additional  sextupoles  at  lo¬ 
cations  with  nonzero  dispersion,  similar  to  those  suggested  by 
Brinkmann  [2].  The  local  compensation  increases  the  energy 
bandwidth  by  almost  a  factor  of  two  (see  Fig.  1). 

The  length  of  the  final  focus  system  of  about  770  m  was  opti¬ 
mized  by  a  procedure  described  in  [3].  Orthogonal  knobs  similar 
to  those  suggested  by  Irwin  for  the  SLC  [4]  provide  control  over 
important  terms  in  the  beam-line  Hamiltonian.  The  beam-based 
alignment  of  quadrupoles  and  sextupoles  will  be  performed  in 
the  same  way  as  in  the  SLC  [5]  or  the  FFTB  [6]. 


B,  Tolerances 

B.  1  Position  Jitter  and  Ground  Motion 

The  maximum  tolerable  incoming  vertical  orbit  jitter  is  about 
0.43  (Ty,  corresponding  to  a  2.3%  loss  of  luminosity.  An  addi¬ 
tional  contribution  to  the  position  jitter  at  the  IP  from  vibrations 
of  magnets  in  the  final  focus  (except  for  the  final  doublet)  should 
be  less  than  0.1  or  0.2  ay,  which  would  be  a  further  0.5% 
luminosity  reduction  each.  The  tolerable  incoherent  vibration 
amplitudes  for  six  magnets  are  then  as  small  as  3  nm  vertically 
and  25  nm  horizontally. 

These  values  are  larger  than  typical  ground  motion  ampli¬ 
tudes  at  frequencies  above  a  few  Hertz  [7].  For  lower  frequency 
the  amplitude  of  the  ground  motion  increases,  but  is  also  better 
correlated  over  long  distances  [7].  At  1  Hz  the  tolerable  ground- 
wave  amplitude  is  about  5.5  nm.  A  feedback  system  will  correct 
residual  low-frequency  orbit  variations. 

B.2  Dispersion 

In  addition  to  steering,  displaced  quadrupoles  generate  dis¬ 
persion  at  the  IP,  both  directly  by  the  chromatic  kick  from  the 
quadrupole  and  by  the  orbit-change  in  the  downstream  elements. 
The  maximum  tolerable  dispersion  at  the  IP  is  150  nm,  corre¬ 
sponding  to  a  2%  blowup  of  the  vertical  spot  size  for  an  intra¬ 
bunch  energy  spread  of  ^  0.3%.  Allocating  a  2%  luminosity 

loss  to  the  magnets  of  the  final  focus,  the  tolerable  vertical  dis¬ 
placement  is  about  13  nm  for  the  first  two  quadrupoles  in  the 
FT,  40  nm  for  the  next  upstream  quadrupole,  and  80  nm  for 
the  two  quadrupoles  in  the  center  of  the  CCY.  These  tolerances 
correspond  to  an  orbit  change  by  about  100  nm  at  the  center 
of  the  first  doublet  magnet,  to  be  compared  with  a  beam  size 
of  40  fi.  The  horizontal  displacement  tolerances  due  to  disper¬ 
sion  are  400  nm  or  larger.  The  relative  field  ripple  of  four  CCX 
quadrupoles  must  be  smaller  than  5  x  lO""^,  in  order  not  to  gen¬ 
erate  intolerable  dispersion  at  the  IP. 

One  possibile  way  to  control  orbit  and  magnet  drifts  over 
several  minutes  with  sufficient  accuracy,  is  to  integrate  high- 
resolution  rf  BPMs  (which  measure  nm  orbit  changes)  into  the 
structure  of  all  quadrupoles.  The  measured  orbits  will  be  aver¬ 
aged  over  a  subset  for  which  the  incoming  orbit  jitter  is  small, 
in  order  to  detect  slow  drifts.  Corrector  magnets  will  then  steer 
the  orbit  back  to  its  nominal  position. 

A  maximum  tolerable  value  of  75  fixn  for  the  second  or¬ 
der  dispersion  at  the  IP  translates  into  an  absolute  static  ver¬ 
tical  alignment  tolerance,  which  is  about  6  //  for  the  first  two 
quadrupoles  in  the  FT.  A  compensation  scheme  for  this  aberra¬ 
tion  will  be  necessary. 

B.3  Skew  Coupling  and  Waist  Shift 

The  vibration  tolerance  for  sextupole  magnets  is  determined 
by  the  induced  skew  coupling  and  waist  shift.  A  horizontal  (ver¬ 
tical)  vibration  of  the  two  main  Y-sextupoles  by  160  nm  (130 
nm)  causes  a  2%  luminosity  loss.  Skew  coupling  and  waist  shift 
is  also  generated  by  a  displaced  quadrupole  in  the  CCX  or  CCY, 
which  steers  the  orbit  off-center  through  the  next  sextupole.  For 
a  few  quadrupoles  in  the  CCY,  the  vertical  (horizontal)  displace¬ 
ment  tolerance  due  to  this  effect  is  50  (150)  nm.  In  addition,  the 
relative  stability  of  the  bending  magnets  inside  the  CCY  must 
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be  better  than  5  x  10“^  or  2  x  10”^,  assuming  a  magnet  string 
or  independently  fed  magnets,  respectively. 

Finally,  the  relative  quadrupole  field  ripple  resulting  in  a  2% 
luminosity  loss  due  to  the  induced  waist  shift  is  3  x  10“^  or 
larger  for  all  quadrupoles,  except  for  the  final  doublet. 

VI.  FINAL  DOUBLET 

A.  Steering  Jitter  Tolerance 

The  inner  magnets  (Qi)  of  both  final  doublets  are  mounted 
inside  a  common  barrel,  which  is  supported  at  the  magnet  cen¬ 
ter.  The  tolerance  on  the  relative  vertical  vibration  of  these  two 
quadrupoles  is  0.5  nm.  The  second  quadrupole  on  either  side 
(Q2)  has  a  separate  support.  For  the  Q2  magnets,  the  maximum 
tolerable  antisymmetric  vibration  amplitude  is  1.4  nm. 

B.  Synchrotron  Radiation 

Oide’ s  original  formula  [8]  for  the  spot-size  increase  due  to 
synchrotron  radiation  in  the  last  quadrupole  can  be  generalized 
to  two  planes  (horizontal  and  vertical)  and  two  quadrupoles  (Qi 
and  Q2)-  The  result  is  that  a  significant  part  of  the  vertical  spot- 
size  increase  may  be  due  to  the  focusing  in  the  horizontal  plane 
within  (52-  This  contribution  gets  smaller  with  increasing  length 
of  (52'  For  ==  25  mm,  the  total  vertical  spot  size  increase  due 
to  synchrotron  radiation  in  the  proposed  final  doublet  is  about 
2%.  The  Oide  effect  is  enhanced  by  orbit  jitter:  a  1  cr  vertical- 
orbit  change  amplifies  the  increase  of  the  rms  spot  size  by  a 
factor  of  4,  while  the  luminosity  loss  increases  only  by  about  a 
factor  of  2  [9]. 

C.  Wakefield 

The  resistive  wakefield  kick  [10]  inside  the  first  magnet  of 
the  doublet,  (5i,  is  significant.  If  the  magnet  is  3  m  long  and  its 
inner  radius  4.5  mm,  the  jitter  amplification,  At/^y/Ay,  varies 
from  7.5  for  a  conductivity  a  =  10^  m”*^  to  0.75  for  a  = 

10^^  m"^.  Here  Ai/  is  the  resistive  kick,  fiy  the  vertical 

beta  function,  and  Ay  the  beam  centroid  offset  inside  Ql.  The 
effect  of  geometric  wakefields  is  small. 

VIL  CRAB  CAVITY  AND  SOLENOID 

The  two  beams  collide  with  a  crossing  angle  of  about  20 
mrad.  In  order  to  align  the  bunches  during  collision,  a  crab  cav¬ 
ity  at  the  entrance  to  Q2  provides  a  displacement  with  distance 
at  the  IP  satisfying  dx* /dz  =  ^c/2,  where  6c  is  the  crossing 
angle  (about  20  mrad  for  the  NLC).  A  37.5  cm  long  X-band  cav¬ 
ity  requires  a  maximum  voltage  of  1.2  MV  and  an  input  power 
close  to  250  kW. 

The  permissible  voltage  error  for  a  2%  luminosity  loss  is 
about  6%.  It  is  important  that  the  phase  difference  between  the 
two  crab  cavities  is  maintained  to  a  very  high  precision,  so  that 
the  two  beams  collide  head  on.  The  phase-difference  jitter  toler¬ 
ance  is  0.2  degree  at  X-band.  If  the  two  cavities  are  driven  by  the 
same  klystron,  one  source  of  phase  jitter  is  thermal  changes  of 
the  transmission  line.  The  temperature  must  be  stable  to  1/15® 
C  in  0.2  s  (or  20®  C  per  minute).  Assuming  that  the  excitation 
of  higher  order  modes  is  10%  of  the  induced  fundamental  mode, 
the  alignment  tolerance  of  the  crab  cavity  from  horizontal  steer¬ 
ing  is  20  /im.  The  crab  cavity  phases  with  respect  to  beam  arrival 


times,  the  crab  cavity  voltage  and  the  alignment  are  monitored 
by  feedback  systems. 

For  a  peak  solenoidal  field  of  3  T,  the  maximum  field  perpen¬ 
dicular  to  the  beam  is  300  Gauss.  The  generator  for  the  solenoid 
field  is  of  the  form  and  is  so  large  that  it  has  to  be  com¬ 
pensated  by  one  or  two  skew  quadrupoles  in  front  of  the  CCX 
(e.g.,  SCS)  or  close  to  the  pre-image  point.  This  generator  is 
different  from  the  ordinary  p*  p*  term  that  generates  or  corrects 
most  of  the  skew  coupling  in  the  system.  The  solenoid  will  ver¬ 
tically  steer  the  two  beams  in  opposite  direction  by  about  35  p 
at  the  IP.  The  only  way  to  correct  this  steering  without  generat¬ 
ing  an  unacceptable  dispersion  is  to  displace  Ql  by  about  20  p. 
The  residual  dispersion  of  9  p  can  be  corrected  by  displacing  the 
incoming  beam  by  5  p,  which  is  tolerable  in  view  of  enhanced 
synchrotron  radiation.  Even  for  a  crossing  angle  of  30  mrad, 
the  spot  size  increase  due  to  on-axis  synchrotron  radiation  in  the 
solenoid  field  is  less  than  1  %. 

VIIL  SUMMARY 

A  design  for  an  NLC  final  focus  system  at  1  TeV  c.m.  energy 
has  been  described.  Based  on  SLC  experience,  strong  emphasis 
was  placed  on  tunability,  redundant  diagnostics,  insensitivity  to 
orbit-jitter,  and  upgrade  potential.  Some  of  the  tolerances,  such 
as  those  on  the  vibration  of  the  final-doublet  support  barrel  or  on 
the  phase-difference  jitter  for  the  two  crab  cavities,  appear  tight, 
but  not  hopeless. 
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Abstract 

An  optimization  scheme  for  final  focus  systems  is  discussed  and 
applied  to  the  NLC  design.  The  optical  functions  at  the  defo- 
cusing  sextupoles,  the  sextupole  strength,  and  the  length  of  the 
system  must  obey  eight  conditions  that  are  imposed  by  the  spot 
size  increase  due  to  higher-order  aberrations,  the  effects  of  syn¬ 
chrotron  radiation  in  the  bending  magnets,  power  supply  ripple, 
magnet  vibration  tolerances,  and  the  estimated  orbit  stability  at 
the  sextupoles.  These  eight  conditions  determine  the  minimum 
optimum  length  of  the  system.  The  NLC  final  focus  design  was 
shortened  to  this  optimum. 

L  INTRODUCTION 

In  this  report,  an  optimization  scheme  for  final  focus  systems 
is  proposed.  The  spot  size  increase  by  higher-order  aberrations, 
synchrotron  radiation  effects,  and  the  tolerances  on  power  sup¬ 
ply  ripple,  mechanical  vibrations,  and  orbit  stability  depend  on 
the  length  of  the  final  focus  system.  This  dependence  results  in 
scaling  laws  that  are  discuss^  in  the  next  section.  To  evaluate 
these  for  the  NLC  final  focus  system,  the  values  of  certain  length- 
independent  parameters  have  been  extracted  from  a  preliminary, 
not  optimized  final-focus  design.  Based  on  these  values,  the  opti¬ 
mum  choice  for  dispersion  and  beta  functions  at  the  Y-sextupoles, 
for  the  sextupole  strength  and  the  length  of  the  bend  section  are 
found.  We  roughly  follow  the  analysis  presented  in  Ref.  [1]. 
However,  the  final  optimization  procedure  is  different. 

IL  SCALING  LAWS 

A.  A  General  Telescope 

We  assume  that  the  final  focus  system  contains  a  horizon¬ 
tal  and  a  vertical  chromatic  correction  section  (CCX  and  CCY) 
which  are  separated  by  a  beta-exchange  module  (BX).  Consid¬ 
ering  only  quadrupole  magnets  of  strength  ki,  the  Hamiltonian 
for  either  one  of  these  three  modules  may  be  written 

h  =  5  L 

We  now  transfonn  to  the  starting  point  of  the  module  using  the 
sine-  and  cosine-like  trajectories,  a,-  =  cf  -f  5? aJ  ,yi  =cjyi  + 
sjy[,  to  define  the  chromatic  coefficients 

d'‘  d'‘'  =  '^kiriisf ,  (2) 

and  get 

H  =  -I-  c^'xix{  +  c’‘''xf  +  Sd^xi 

+Sd^'x[]  +  ^  [cyyl  -h  (3) 

*Work  supported  by  Department  of  Energy  contract  DE-AC03-76SF00515. 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


By  symmetry,  c^'  =  d^  =  =0  for  CCX  and  CCY,  and  we 

assume  the  same  for  the  BX.  The  /3-dependence  is  then  extracted 

from  the  coordinates,  =  y/^x',mdx[  = 


y'  =  -^,wherex,x',  y,  y'arenownormalizedIP-coordinates, 
V 

and  length-independent  chromatic  coefficients  are  introduced, 
d*'  =  d^'L,  C^''^  =  £^'-y',  c^'’y"  =  The 

Hamiltonian  (3)  is  then  written 


H 


2L  L 


-ry 


Ti 


y^  -f  2SL3.^ 


(4) 


Finally,  the  dispersion  at  the  y-sextupoles  is  converted  into  a 
length-independent  parameter  Fu  via 


t)  =  Ob  Lr  12  ,  (5) 

where  Ob  is  the  bend  angle  of  the  last  bending  section  at  the  end 
of  the  CCY,  and  L  the  total  length  of  the  final  focus  system. 


B.  The  CCX  and  the  BX 

We  rewrite  Eq.  (4)  for  the  CCX  in  the  form 


where 


F(x\y')  =  --^^’^x'^+--^ry 


2^y 


(6) 

(7) 


Gix,  y)  =  - 


8 

2 


2^  Wf 


y2  + 


and  we  have  introduced  the  |iorizontal  and  vertical  chromaticities 
=  ty^.  The  Hamiltonians  of  the  two  X- 
sextupoles  at  the  beginning  and  the  end  of  the  CCX,  denoted  by 
1  and  2,  read 


Hi  = 

iiixF  +  TipS,  yp) , 

(8) 

H2  = 

—H(xf  -H  TjpS,  yp)  +  kpTjpSix^  —  y^) , 

(9) 

respectively,  where  H  is  the  usual  sextupole-Hamiltonian 

H{x,  y)  =  (x^  -  3xy^) , 

(10) 

the  term  kp  denotes  the  integrated  sextupole  strength  and  xf  = 
and  yp  =  My'  are  the  coordinates  at  the  first  X- 
sextupole.  Now  the  total  CCX,  including  sextupoles,  is 
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where 


G^f,^^^G(^x  +  ^m  +  F),y  +  -^,(Hi  +  F)^  (12) 

and 

HCCX  ^  pccx  kpr)FS{x\  -  y^) .  (13) 

In  much  the  same  manner  the  chromaticity  can  be  propagated 
through  the  BX  to  give 

HBX  ^  pBX  ^  pCCX  ^  kpr}F8{x\  -  yl)  (14) 


Here,  L  b  denotes  the  length  of  the  last  bending  section  behind  the 
CC Y,  and  the  factor  2  accounts  for  the  contributions  from  bending 
magnets  in  the  center  of  the  CC  Y.  The  length  of  the  central  section 
is  more  than  two  times  L  b  ,  but  in  this  case  about  half  the  doublet 
chromaticity  is  compensated  by  the  final  sextupole.  Combining 
Eqs.  (5),  (20)  and  (21)  and  using  a  =  —  we  find 


Vd  <  hi 


Ae\^(  L^2n  y 


(23) 


and  a  term  C|^  analogous  to  The  generators  and 

G\^  contain  fourth-  and  fifth-order  terms,  which  have  to  be 
small. 

C.  TheCCY 


The  overall  chromaticity  balance  reads  approximately 


(24) 


The  Hamiltonian  (14)  to  be  carried  through  the  CCY  is  of 
the  form 

+  (15) 

where 


^  -h  -  IkFTlF^r  -  (16) 


where  b^l. 

E.  Long -Sextupole  Effect 

A  long  sextupole  generates  octupole-like  aberrations  [2], 
which  impose  a  limit  on  the  tolerable  sextupole  length.  For  two 
sextupoles  separated  by  a  “•/,  these  aberrations  are  described  by 
the  Hamiltonian 


and  it  interacts  with  a  term  analogous  to  G(x,  y)  above, 


(17) 


The  largest  aberrations  generated  by  the  kick  in  x  is  a 
5^  ^dispersion  that  could,  at  least  in  principle,  be  canceled  down¬ 
stream,  and  a  5^-chromaticity,  from  which 


(18) 


where  A;c  ^  1  denotes  the  maximum  tolerable  relative  increase 
of  the  horizontal  spot  size.  Similarly,  the  y-kicks  generate  a 
third-order  vertical  chromaticity  and  a  x^y'^8-icrm,  giving  rise 
to  the  two  conditions 

(19) 

Pd 

y/3Se^yklLPiPl€,  <  Ay  ,  (20) 

where  Ay  1/V2  (see  Section  F). 


His  =  ^ ^y'*) ,  (25) 

where  Id  denotes  the  sextupole  length.  From  the  resulting  in¬ 
crease  of  the  vertical  spot  size,  we  deduce 

^ -h  <  Ay  .  (26) 

Decomposing  the  integrated  sextupole  strength  as  ko  =  lokp^  it 
follows  that 


_ 6A^ _ 

Assuming  a  pole  tip  field  of  0.5  T  at  a  radius  of  5  mm,  the 
maximum  value  of  is  about 

^D,max  ^  24  m~^  at  500  GeV  beam  energy  .  (28) 


D.  Synchrotron  Radiation  and  Chromaticity 

The  beam  size  increase,  due  to  the  additional  energy  spread 
8rmsy  induced  by  synchrotron  radiation  inside  and  behind  thfe 
CCY  and  to  the  uncompensated  doublet  chromaticity,  ^ 
has  to  be  small: 


F.  The  A-Values 

To  determine  the  optimum  relative  spot-size  increases  Ax, 
Ay,  and  A^,  we  take  A  =  A£  =  Ay.  Using  ^*  y  ~  1/A;c,y 
(which  follows  from  ~  l/P*  ^  V/^*,y»  ^uid  Eqs. 

(18),  (19),  and  (20)),  we  find 


<  A£ 


(21) 


where  Ae  ^  I  denotes  the  maximum  tolerable  relative  increase 
of  the  vertical  spot  size  due  to  synchrotron  radiation  (see  later), 
and  the  energy  spread  8rms  is  [3] 


^rms 


55  J_ 
'24V3  27r 


r pkp 


,5 


(22) 


al  a  —(1  H-  2A^)  and  a:  a  —(1  +  A^) 
A  ^  A;,  ^ 

from  which  the  smallest  spot  size  is  obtained  for 


Ay^  Ae^  ^  and  A;^  ^  1  • 
V2 


(29) 


(30) 
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G.  Vibration  Tolerance  and  Power  Supply  Ripple 

Denoting  the  horizontal  vibration  amplitude  of  the  Y- 
sextupoles  (this  is  equivalent  to  an  orbit-change  due  to  a  vibrating 
quadrupole  between  the  sextupole-pair)  by  Ax,  we  find 


ks^l< 


1 

SAx  ’ 


(31) 


allowing  a  maximum  spot  size  increase  of  2%  due  to  the  induced 
waist  shift.  Moreover,  if  we  suppose  that  the  strength  of  all 
quadrupoles  in  the  CCY  varies  by  a  factor  Ak/k  due  to  power 
supply  ripple,  it  follows 


Pi 


^  k  ^CY 


This  has  to  be  compared  with  inequality  (19). 


(32) 


III.  OPTIMIZATION 

The  minimum  length  of  a  final  focus  can  be  derived  from  the 
eight  conditions  (18),  (19),  (20),  (23),  (24),  (26),  (31)  and  (32). 
The  achievable  orbit  stability  at  the  second  Y-sextupole  regarding 
perturbations  internal  to  the  CCY,  Ax,  determines  the  maximum 
value  of  koPl,  via  Eq.  (31),  while  Eq.  (18)  gives  a  minimum 
value  of  PlffL.  If  these  two  limits  are  inserted  into  Eq.  (20),  a 
lower  bound  on  is  obtained.  Inequality  (23)  shows  that 

the  smallest  value  for  rjo  allows  the  shortest  length  L.  Ideally, 
therefore,  we  would  like  to  choose  the  smallest  value  for 
on  the  right-hand  side  of  (24).  However,  a  compromise  has  to 
be  made  in  order  to  keep  the  sextupole  strength  at  a  tolerable 
level.  The  semi-arbitrary  requirement  that  the  second  term  on 
the  right-hand  side  contribute  about  15%  to  the  total  may  be  a 
reasonable  choice.  Inserting  the  optimum  value  of  the  dispersion 
rjD,  deduced  from  Eq.  (24),  into  Eq.  (23),  the  minimum  length  L 
follows.  It  still  remains  to  be  verified  whether  the  usually  looser 
conditions  (19),  (26)  and  (32)  are  fulfilled. 

As  an  example,  from  the  initial  design  of  an  NLC  final  focus 
at  1  TeV,  we  extract  rn  ^  0.062,  b  ^  1.6,  c^y  —24,  c^y  ^ 
-0.67,  cj"y  0.12,  -2000  (for  ^  25  mm),  ^ 

15  800,  and  a  34.  The  rms-energy  spread  is  taken  to  be 
10“^,  the  horizontal  normalized  emittance  Cxn  ^  5  mm 
mrad,  and  the  emittance  ratio  Cx/Cy  ^  100. 

Assuming  that  at  the  second  sextupole  an  orbit  stability  of 
Ax  230  nm  can  be  achieved,  the  optimum  final-focus  param¬ 
eters  are  obtained  by  the  outlined  procedure.  They  are  listed  in 
Table  I  and  compared  with  the  initial  and  the  present  final  focus 
design.  The  length  of  the  final  focus  was  shortened  by  about  a 
factor  of  two.  This  was  achieved  by  lowering  the  value  of  dis¬ 
persion  and  beta  functions  at  the  Y-sextupoles,  while  increasing 
the  sextupole  strength  The  present  design  is  even  somewhat 
shorter  than  the  estimated  optimum.  The  reason  for  this  is  that 
new  sextupoles,  similar  in  spirit  to  those  proposed  by  Brinkmann 
[4],  have  been  added  throughout  the  system,  which  locally  cor¬ 
rect  the  chromaticity  in  each  module.  For  more  details  on  the 
NLC  final  focus,  see  Ref.  [5]. 


IV.  SUMMARY 

We  have  derived  eight  scaling  laws  that  characterize  the 
length-dependent  effects  in  a  final  focus  system,  and  can  be  used 
as  a  guideline  for  optimization.  The  optimum  length  of  the  NLC 


Table  I 

Initial  and  optimized  CCY  parameters  for  an  NLC  final  focus  system  at  1  TeV 
c.m.  energy. 


Parameter 

ITeV  1 

Initial 

Optimum 

Present 

Pn  tkm] 

160 

140 

120 

Y)o  [mm] 

45 

24 

23 

ko  [m“^] 

2.8 

6.4 

7.4 

hm 

0.4 

0.4 

0.4 

Ajc  [nm] 

400 

230 

230 

Ak/k 

8 • 10-5 

6  •  10"^ 

6  •  10-^ 

Ltot  [m] 

1461 

917 

791 

final  focus  is  primarily  determined  by  the  achievable  level  of 
orbit  perturbations  internal  to  the  CCY,  as  measured  at  the  sec¬ 
ond  Y-sextupole,  and  by  the  effect  of  synchrotron  radiation  in 
the  bending  magnets.  Assuming  an  orbit  stability  of  Ax  230 
nm,  the  initial  length  of  the  final  focus  design  for  an  NLC  with 
1  TeV  c.m.  energy  was  reduced  by  about  a  factor  of  two.  The 
distance  from  the  CCX  to  the  IP  is  now  about  800  m.  For  a  final 
focus  system  at  a  c.m.  energy  of  1.5  TeV,  the  optimum  length  is 
estimated  to  be  about  1000  m. 
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Abstract 

A  prototype  extraction  line  for  the  Next  Linear  Collider  is  dis¬ 
cussed  that  has  several  important  functions  that  include  optimiz¬ 
ing  luminosity,  characterizing  beam  properties  at  the  Interaction 
Point  and  transporting  beams  from  the  IP  to  a  dump.  Beam  char¬ 
acterization  includes  measurements  of  current,  position,  profile, 
energy,  polarization  and  low-order  correlations  on  a  bunch-to- 
bunch  basis  for  feedback  and  stabilization.  Prototype  optical 
and  diagnostic  layouts  are  described  that  provide  such  functions. 
We  also  consider  possibilities  for  e,  fx  and  y  secondary  beam 
lines  and  dump  experiments  as  well  as  energy  recovery  and  local 
reuse  of  an  assumed  lOMW  in  each  500  GeV  beam. 

L  Introduction 

Our  overall  goal  is  to  optimize  the  luminosity.  While  an  im¬ 
portant  objective  is  to  get  the  beams  into  their  respective  dumps 
with  minimal  detector  backgrounds,  it  is  also  important  to  pro¬ 
vide  any  monitoring  and  feedback  that  can  optimize  the  usable 
collision  rate  at  the  IP.  To  accomplish  this,  we  need  to  know 
the  detailed  composition  and  characteristics  of  the  outgoing  dis¬ 
rupted  beams.  These  beams  have  a  significant  number  of  pairs 
and  more  photons  than  leptons.  Based  on  a  ‘worst’  case  predic¬ 
tion  for  these  beams  we  then  describe  how  we  arrive  at  our  ‘final’ 
result. 

Due  to  the  high  power  in  the  outgoing  photon  beam  and  the  cost 
of  beam  dumps  we  decided  that  the  photons  and  leptons  should 
share  a  common  dump.  This  implies  an  available  distance  for 
beam  studies  of  150  m.  Because  the  SLC  was  a  prototype  for 
the  NLC  we  begin  by  reviewing  the  SLC  and  FFTB  experience 
relative  to  the  NLC  design. 

11.  Comparison  with  SLC 

One  advantage  for  the  NLC  relative  to  SLC  is  a  horizontal 
crossing  angle  (0c,x^2x  10  mrad)  at  the  IP  that  allows  us  to  avoid 
kickers  and  septa  for  separating  the  counterpropagating  beams. 
This  enables  us  to  reverse  polarities  between  the  ingoing  and 
outgoing  quadrupoles  for  better  control  of  the  larger  horizontal 
disruption  angles. 

Rather  than  30  kW  in  each  SLC  beam  one  has  to  deal  with 
nearly  10  MW  in  each  NLC  beam.  There  is  a  factor  of  ten  in 
energy  i.e.  500  GeV  beams  for  the  NLC,  the  same  RF  pulse 
repetition  rate  of  120/s  and  a  factor  of  twenty  or  so  in  beam 
current  per  RF  pulse  from  accelerating  a  multibunch  train  in  each 
pulse.  This  increased  beam  power  poses  certain  problems  for 
intercepting  detectors  and  implies  significantly  higher  operating 
costs.  For  10i6/kWh,  this  represents  a  potential  refund  of  as 
much  as  $45K/day  if  energy  is  restored  to  the  grid  or  otherwise 
recycled. 

*  Supported  under  Dept,  of  Energy  contract  DE-AC03-76SF00515. 
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The  lower  invariant  emittances  and  the  factor  of  ten  in  en¬ 
ergy  result  in  significantly  greater  disruption  effects  in  the  NLC 
that  permit  most  of  the  SLC  measurements  and  others  that  aren’t 
practical  there.  However,  because  the  disruption  angle  is  dom¬ 
inated  by  energy,  we  can  measure  the  energy  loss  distribution 
and  use  precise  RF  BPMs  in  the  beginning  of  the  line  to  mea¬ 
sure  position,  angle  and  timing  of  individual  bunches.  This  is 
impractical  for  SLC  e.g.  Tiy=l  fim  and  N=3.5-10^^  produces  a 
peak  deflection  angle  that  is  more  than  double  our  worst  case. 

III.  Basic  Design  Procedures  and  Constraints 

The  optics  can  only  be  realized  in  practice  after  we  know  the 
characteristics  of  the  outgoing  beam.  The  procedure  was  to  take 
the  upstream  final  focus  design  in  the  form  of  TRANSPORTfl] 
and  convert  this  to  DIMAD[2]  for  predicting  the  spot  characteris¬ 
tics  at  the  IP  due  to  emittance  growth  from  synchrotron  radiation 
in  the  dipoles  and  quadrupoles.  One  assumption  here  was  that  the 
energy  loss,  especially  in  the  quads,  can  be  neglected.  The  pre¬ 
dicted  beam  parameters  resulting  from  DIMAD  were  then  used 
in  ABEL91[3]  to  predict  the  composition  and  characteristics  of 
the  outgoing  beam  as  well  as  to  produce  ray  sets  for  all  particle 
types  for  analysis  and  tracking.  The  ABEL  calculations  were 
compared  to  analytic  calculations  before  being  used  to  simulate 
the  dump  line  with  TRANSPORT  (for  design)  and  TURTLE  (for 
tracking)  [4]. 

The  available  length  of  the  dump  line  was  set  by  the  outgoing 
photons  and  the  assumed  size  of  the  dump: 

12<tJ,  X  Ld  <  2Rp 

where  L/)  is  the  distance  from  the  IP  to  the  dump  face  and  is 
its  radius.  For  a  dump  window  of  20  cm  in  diameter  and  outgoing 
angular  spreads  of  ax', y  =92, 4'^  fxrad  from  ABEL,  we  have  150 
m  of  space  available  for  beam  studies. 

The  design  procedure  was  complicated  by  the  different  species 
of  outgoing  particles  that  had  to  pass  without  intercepting  any¬ 
thing  as  well  as  by  the  comparatively  large  angular  and  energy 
spreads  induced  by  the  beam-beam  interaction.  Besides  con¬ 
straining  our  design  options  this  forced  us  to  continually  con¬ 
strain  the  magnet  apertures  and  lengths  to  insure  reasonable  mag¬ 
nets.  Other  constraints  were  imposed  by  the  measurements  and 
experiments  that  might  be  required.  For  example,  electron  spin 
rotation  and  depolarization  constrained  the  strength  and  disposi¬ 
tion  of  the  dipoles.  A  related  constraint  was  the  need  to  capture 
off  energy  bunches  or  ones  that  did  not  collide  and  lose  energy. 
The  latter  includes  those  resulting  from  beam-beam  deflection 
scans.  Other  constraints  will  be  discussed  in  the  relevant  sec¬ 
tions. 

IV.  Optics 

Once  the  disrupted  electrons  have  cleared  the  detector,  taken 
to  be  ±5  m  along  the  IP,  using  essentially  a  quadrupole  doublet, 
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we  observe  where  the  disrupted  beam  crosses  the  photon  beam 
using  third  order  TURTLE.  Because  this  was  nearly  20  m  from 
the  IP  and  it  took  10  m  to  get  the  full  energy  beam  moving  parallel 
toward  the  dump,  we  find  the  first  available  space  for  diagnostics 
between  1 1  and  16  meters.  RF  BPMs  [5]  are  assumed  to  begin  at 
5  m  where  the  outgoing  beams  are  still  small  and  C-Band  cavities 
could  have  apertures  comparable  to  the  quads(^  A./4). 

The  first  dipole  of  a  horizontal  chicane,  used  to  separate  the 
outgoing  photon  and  electron  beams,  begins  at  16  m.  It  al¬ 
lows  separate  experiments,  before  recombining  both  beams  into 
a  common  dump.  Figure  1  shows  the  Twiss  functions  when  the 
four  bends  are  sized  to  separate  the  two  beams  by  12a.  Their 
maximum  separation  is 

Ax  =  2pb(1  —  cosOff)  +  LitanOs 

where  6b  is  the  bend  angle  for  the  full  energy  of  any  one  rect¬ 
angular  dipole  of  length  LB-PBsinOs  and  Li  is  the  separation 
between  bends  BDl  and  BD2.  Notice  that  this  is  just  the  disper¬ 
sion  r]x  in  the  center  of  the  chicane.  This  separation  requires  a 
minimum  distance  of 

Lmin  =  2pBsinOB  -f-  Li  . 

The  change  in  the  bunch  separation,  due  to  the  chicane,  after  this 
point  in  the  central  region  is 

8L  . 

^56  =  =  2pB(tan9B  -  6b)  -f  Litafr6B  . 

Spip 

This  is  proportional  to  the  RF  phase  shift[6].  Thus  we  have 
a  common  beam  pipe  and  sufficient  dispersion  to  measure  the 
energy  and  spread  of  the  undisrupted  beam. 

For  example,  if  we  want  to  use  the  first  bend  for  analyzing  low 
energy  particles  from  the  IP  or  from  a  laser  interaction  before  this 
bend,  then  the  first  order  resolving  power  for  some  downstream 
location  L  is 


NLC  Dump  for  10.0mm,  /?y=0.10mm,  1=2. Om  at  IP 


Ri(p,6,L)  = 


p(l  —  cos6)  “h  L  •  tan6 
[xiCos6  x[{psin6  +  Llcos6)\ 
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Figure.  1,  Prototype  Optical  Layout  for  the  NLC  Dump  Line. 


the  position,  size  and  correlations  of  the  bunches  at  the  IP  on  a 
bunch-to-bunch  basis.  Clearly,  beamstrahlung  is  quite  sensitive 
to  any  changes  in  these  parameters  at  the  IP.  In  fact,  the  photon 
distribution  is  a  better  measure  of  the  bunch  profile  at  the  IP  than 
the  outgoing,  disrupted  electrons.  We  also  assume  wire  scanners 
and  screens  similar  to  SLC[8]. 

An  important  tool  for  optimizing  luminosity  at  the  SLC  is  the 
beam-beam  deflection  scan[9].  This  gives  the  deflection  of  each 
beam  as  a  function  of  the  relative  offset,  lypically,  this  procedure 
requires  many  points  and  makes  a  number  of  assumptions  about 
the  beam’s  characteristics.  Multi-bunch  trains  complicate  this. 
Depending  on  the  beam’s  aspect  ratios,  one  can  estimate  many 
effects  as  though  an  additional  quad  was  added  e.g.  energy  loss 
can  be  calculated.  In  lowest  order  this  is  proportional  to  the 
beam  sizes  but  is  very  small  for  SLC  so  that  it  is  masked  by  the 
incident  beam’s  energy  spread.  Taking  the  simple  expression  for 
the  deflection  of  one  particle  at  the  periphery  of  the  other  beam: 


In  the  middle  of  the  chicane  R  depends  on  the  optics  we  impose. 
jRi2->0  for  point-to-point  so  /?=Ax/(10(Tjp*=8(X)0  for  a  magnifi¬ 
cation  of  10  i.e.  this  region  of  the  chicane  can  resolve  a  single 
beam,  undisrupted  energy  spread  of  5p/p=0.0125%  while  the  re¬ 
gion  directly  in  front  of  BD2  gives  /?J=«800  or  0.13%  capability. 

Notice  that  there  were  several  factors  that  constrained  the 
bends  e.g.  electron  spin  rotation  as  well  as  the  energy  resolu¬ 
tion  necessary  to  resolve  low-energy  electrons  near  the  Comp¬ 
ton  edge  (required  for  monitoring  beam  polarization).  Further, 
dipoles  drive  many  higher  order  aberrations  that  act  to  blow  the 
beam  up  that  require  higher  multipoles  to  correct.  These  were 
not  needed  to  get  the  beams  into  the  dump  with  the  \2a  con¬ 
straint  through  the  line. 

V.  Instrumentation 

The  guiding  principle  in  the  instrument  layout  Fig.  2  was  to 
minimize  the  material  in  the  high  power  beams.  Thus,  there 
is  a  significant  use  of  lasers  to  control  the  production  of  addi¬ 
tional  particles.  Nevertheless,  since  beamstrahlung  is  unavoid¬ 
able,  there  are  possibilities  [7]  to  use  either  Compton  or  beam¬ 
strahlung  photons  that  could  prove  quite  useful  for  monitoring 


P±/P  = 


^x,y^Xyy 


Y{^x+(yy) 


we  find  a  maximum  outgoing  angle  of  0x,max=^D=256  /xrad.  The 
disruption  parameters  are  Djc,),=0. 104,10.2  while  or*  ^=245,2.5 
nm.  Dy  is  so  large  that  there  is  over  focusing  or  a  thick  lens 
effect  whereas  the  focusing  over  the  length  of  the  beam  in  x  is 
weaker  but  cumulative  i.e.  more  like  a  simple  thin  lens.  This 
is  most  easily  dealt  with  by  reversing  the  polarity  of  the  first 
outgoing  quad. 

The  final  angle  of  relevance  here  is  the  spin  precession  angle 
6s.  This  can  be  expressed  in  terms  of  the  spin  tune; 

E[GeV]  © 

“  0.44065  'Tm' 

where  0  is  some  deflection  angle  in  radians.  For  the  bends  used 
here  this  is  typically  2-4  times  the  maximum  disruption  angle 
6o=256  /zrad.  The  effective  polarization  after  such  a  bend  is 
P^^j-  =  PincCos (271  Vs)^A2-0.S4  although  this  is  just  a  rotation 
in  the  bend  plane. 

We  need  to  make  a  good  measurement  of  the  polarization  that 
doesn’t  interfere  with  the  primary  disrupted  beam  on  its  way  tp 
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Fig  2:  NLC  Electron  Extraction  &  Diagnostic  Line 


the  dump  or  other  measurements.  While  this  can  be  done  at  other 
locations,  it  is  done  here  in  the  middle  of  the  chicane  shown  in 
Fig.  2  because  this  is  where  the  dispersion  is  largest  and  the 
net  rotation  from  the  bends  is  zero.  In  our  worst  case  scenario 
20%  of  the  beam  goes  undisrupted  i.e.  should  have  its  original 
polarization.  Compton  scattering  can  then  be  used  to  monitor 
the  polarization  at  this  point  by  measuring  the  asymmetry  in  the 
scattered  electrons  as  a  function  of  laser  polarization[10]. 

For  best  results,  one  needs  to  measure  the  electrons  near  the 
Compton  edge  with  good  resolution.  In  lowest  order: 

^edge  ^  ^  - - fm -  ^  26  GeV. 

"  l+x  l+Om53€in(GeV)a)L(eV) 

Because  these  electrons  fall  on  the  far  tail  of  the  disrupted  beam 
spectrum,  the  only  requirement  is  the  ability  to  resolve  their 
energy  to  one-half  GeV  i.e.  a  resolving  power  of  only  R=P/AP  > 
50.  Because  R-SOOO  for  the  full  energy  beam,  there  is  clearly  no 
problem  i.e.  the  laser  spot  can  be  any  required  size  up  to  7]8^4 
mm.  This  is  also  a  good  place  to  measure  the  electron  beam 
profile  and  disruption  characteristics  to  monitor  bunch  overlap, 
synchronization  and  luminosity. 

VL  The  Beam  Dump 

The  dump  has  to  dispose  of  essentially  all  of  the  power.  Water 
is  the  primary  absorber  in  a  cylindrical  vessel  housing  a  vortex¬ 
like  flow  of  water  with  vortex  velocity  ^1-1.5  m/s  normal  to  the 
beam  momentum.  The  vessel  is  1 .5  m  diameter  and  has  a  5.5-6.5 
m  long  water  section,  followed  by  1  m  of  water-cooled  solids 
to  attenuate  a  500-750  GeV  EM  cascade  shower.  The  beam 
enters  through  a  thin  window  mm  thick  and  20cm  diameter. 
Production  of  ^3  I H2/IO  MW  beam  power  from  radiolysis[l  1] 
can  be  mitigated  with  a  catalytic  H2/O2  recombiner  that  has  a 
closed  loop  system  that  contains  all  radioisotopes. 
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I.  RF  SYSTEM 

A  description  of  the  original  CLIC  two-beam  scheme  is 
given  in  [1]«  The  overall  layout  of  the  1  TeV  machine  is 
shown  in  Fig.l.  The  main  linac  consists  of  normal  conducting 
travelling  wave  accelerating  structures  operating  at  a 
frequency  of  30  GHz  and  a  gradient  of  80  MV/m.  One  in  ten 
of  these  sections  have  an  asymmetric  geometry  and  act  as 
microwave  quadrupoles  for  B NS  damping.  For  multi-bunch 
operation  damped  and/or  detuned  structures  would  be 
required.  The  30  GHz  RF  power  is  supplied  by  transfer 
structures  which  extract  energy  from  a  3  GeV  high-intensity 
electron  drive  linac  running  parallel  to  the  main  linac  in  the 
same  tunnel.  The  transfer  structure  consists  of  a  11.5  mm 
diameter  circular  beam  tube  coupled  through  two 
diametrically-opposite  -5mm  wide  slots  to  two  periodically- 
loaded  rectangular  waveguides.  Each  50  cm  long  section 
produces  two  simultaneous  11.6  ns  long  44.6  MW  power 
pulses  which  drive  two  accelerating  structures.  This  output 
power  corresponds  to  95%  of  the  energy  extracted  from  the 
beam.  Two  full-length  (84  cell)  constant  impedance  undamped 
accelerating  section  have  been  tested  to  an  average 
accelerating  gradient  of  94  MV/m  without  any  signs  of 
breakdown  and  the  periodically-loaded  output  waveguides  of  a 
full-length  transfer  structure  have  withstood  60  MW  of  30 


GHz  RF  power  without  breakdown  but  the  structure  itself  has 
not  yet  been  tested  with  a  bunched  beam  Prototype  diamond 
machined  discs  with  the  asymmetric  geometry  required  for 
microwave  quadrupole  sections  have  been  successfully 
produced  by  industry,  and  studies  of  damped  structures  for 
multibunch  operation  are  underway.  High  gradient  tests  have 
also  been  made  at  SLAG  on  a  26-cell  CERN-built  X-band 
section  [2].  Average  accelerating  gradients  of  125  MV/m  (a 
peak  surface  field  of  285  MV/m)  were  obtained  after  10^ 
shots  at  60  Hz  with  a  pulse  length  of  150  ns.  After 
conditioning,  the  dark  current  was  2|xA  at  50  MV/m  and 
150|iA  at  80  MV/m. 

IL  DRIVE  LINAC 

Each  of  the  four  drive  linac  has  a  starting  energy  of  3 
GeV  and  a  final  energy  of  about  350  MeV.  The  total  drive 
beam  charge  of  2.58|a.C  is  contained  in  four  trains  of  22 
bunches  per  train  with  1cm  between  bunches  and  an  rms 
bunch  length  of  0.6mm.  The  first  bunch  of  each  train  loses 
very  little  energy  as  it  passes  down  the  linac  whereas  the  last 
bunch  of  the  train  is  strongly  decelerated.  The  limit  to  this 
energy  extraction  process  is  reached  when  the  energy  of  the 
last  bunch  reaches  about  350  MeV  and  the  blown-up  beam 
completely  fills  the  1 1.5  mm  diameter  available  aperture  [3]. 


Fig.l  Schematic  layout  of  1  TeV  CLIC  machine 
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Half  way  down  the  linac  when  the  mean  energy  of  the 
trains  is  still  1.65  GeV  an  "energy  exchange"  section  of 
1.81GV  of  700MHz  SC  cavities  and  0.27GV  of  1400MHz  SC 
cavities  is  used  to  invert  the  energy  distribution  along  the  four 
trains  to  allow  further  energy  extraction  to  take  place.  At  the 
end  of  the  linac  when  the  beam  is  dumped  the  mean  energies 
of  the  bunch  trains  are  about  770  MeV  for  the  first  and  about 
350  MeV  for  the  others.  72%  of  the  beam  energy  is  converted 
into  RF  power. 

A  95  MeV  drive  beam  consisting  of  a  train  of  24  bunches 
spaced  at  10cm  with  a  charge  per  bunch  of  4.2nC  and  an  rms 
bunch  length  of  1.3mm  has  been  used  in  the  CLIC  Test 
Facility  (CTF)  to  generate  76  MW  of  30  GHz  power  from  a 
single  high  impedance  transfer  structure  and  this  power  has 
been  transmitted  to  a  CLIC  accelerating  section  in  a  two-beam 
configuration  and  has  been  used  to  accelerate  a  low  intensity 
electron  beam.  The  CTF  work  is  reported  in  detail  in  [4]. 

III.  DRIVE  BEAM  GENERATION 

The  88  bunches  of  the  drive  beam  are  produced  by  a 
battery  of  11  S-band  photoinjector  linacs.  Each  photoinjector 
linac  consists  of  a  laser-illuminated  (262nm)  photocathode 
(Cs2Te)  in  an  S-band  RF  gun  (lOOMV/m)  followed  by  an  S- 
band  RF  booster.  The  energies  of  the  1 1  linacs  (around  50 
MeV)  are  slightly  different  allowing  the  11  outputs  to  be 
merged  in  a  magnetic  spectrometer  [5],  The  resulting  12ns 
long  bunch  train  is  accelerated  to  3  GeV  using  3.8  GV  of  350 
MHz  (6MV/m)  SC  cavities  and  0.45  GV  of  1400  MHz 
(lOMV/m)  SC  cavities  for  RF  wave  flattening.  Short  sections 
(each  220  MV)  of  SC  cavities  operating  at  333  and  366  MHz 
compensate  the  effects  of  beam  loading. 

One  of  these  S-band  photoinjector  linacs  has  been  built  in 
the  CLIC  Test  Facility  (CTF)  and  has  produced  a  maximum 
single  bunch  charge  of  35nC  with  an  rms  bunch  length  of 
2.4mm  from  the  gun-booster  at  1 1  MeV. 

An  alternative  method  to  generate  the  88  bunches  of  the 
drive  beam  directly  at  50  MeV  using  an  FEL  is  also  being 
considered.  Experiments  to  measure  the  degree  of  bunching 
produced  by  such  a  system  at  low  energy  (2-3MeV)  are  at 
present  being  carried  out  at  the  Centre  dEtudes  Scientifiques 
et  Techniques  d’ Aquitaine  (CESTA)  near  Bordeaux.  In  a  later 
phase  it  is  planned  to  use  this  beam  to  generate  power  in  a 
CLIC  transfer  structure. 

IV.  ISOCHRONOUS  RING  DRIVE  BEAM 
SCHEME 

A  more  efficient  alternative  to  the  "reference"  drive  beam 
scheme  described  above  is  being  studied. 

A  laser  illuminated  L-band  RF  gun  supplies  2x20  trains 
spaced  at  1.97km  of  17  bunches  (a=6mm)  spaced  at  20cm  and 
of  relatively  low  intensity  (17nC)  to  a  1.5  GHz  SC  linac  which 
accelerates  them  singly  on  the  crest  of  the  wave  to  the  top 
drive  beam  energy  of  2.7  GeV.  The  trains  are  then  injected 


using  1.5  GHz  transverse  deflectors  into  each  of  two  1km 
circumference  isochronous  rings  to  produce  10  trains  of  34 
bunches  spaced  at  10cm.  After  extraction  and  the  introduction 
of  a  linear  correlated  energy  spread  along  the  bunch  using  a 
140  MV  3  GHz  cavity,  the  bunch  length  is  reduced  by  a  factor 
of  10  in  a  magnetic  bunch  compressor.  Finally  bunch  trains 
from  each  ring  are  combined  by  a  3  GHz  transverse  deflector 
to  create  two  beams  (one  for  each  drive  linac)  of  5  trains  each 
containing  68  bunches  spaced  at  5cm  distance.  Each  train  is 
used  to  supply  power  for  a  100  GeV  section  of  the  main  linac. 

V.  MAIN  LINAC  INJECTOR  SYSTEM 

A  1.5  GHz  SC  linac  accelerates  the  e-  and  e+  beams  to 
2.15  GeV  for  injection  into  the  damping  rings.  The  e-  beam  is 
supplied  by  a  200  MeV  normal-conducting  photoinjector 
linac.  The  e+  beam  is  created  from  the  2.15  GeV  e-  beam 
using  a  rotating  conversion  target  and  a  SLC-like  flux 
concentrator  for  enhanced  capture.  A  second  1 .5  GHz  SC  re¬ 
circulating  1.37  GV  linac  boosts  the  energy  of  the  e-  and  e+ 
beams  to  9  GeV.  A  predamping  ring  also  running  at  2.15  GeV 
is  used  to  match  the  positron  emittance  to  the  acceptance  of 
the  main  positron  damping  ring.  Simulations  of  the  positron 
delivery  system  have  shown  that  a  comfortable  safety  margin 
in  positron  yield  can  be  expected.  The  whole  injector  scheme 
is  described  in  detail  in  [6]. 

VI.  OVERALL  MACHINE  PARAMETERS 

The  single-bunch  parameters  have  been  re-optimised  to 
obtain  an  acceptable  compromise  between  luminosity  and 
beam-strahlung  effects  [7].  The  new  parameters  are  given  in 
Table  1  and  are  based  on  simulations  of  the  beam  behaviour  in 
the  main  linac  and  the  beam-beam  interaction  at  the  collision. 
A  luminosity  of  10^^  cm“^s"^  is  obtained  using  lOOMW  of 
RF  power  with  single-bunches  at  500  GeV.  At  1  TeV  however 
a  multibunch  operation  (10  bunches)  is  required  to  reach  a 
luminosity  of  10^^  cm"^s"^. 

An  option  to  make  yy  or  ye±  collisions  in  a  second 
interaction  region  is  planned  [8].  In  this  case  one  or  more 
bunches  of  the  CLIC  drive  beam  would  be  used  to  produce  an 
intense  beam  of  polarised  light  in  an  FEL.  This  laser  light 
would  be  transported  via  mirrors  into  the  interaction  region 
where  it  would  be  converted  into  a  polarised  y  beam  by 
Compton  back-scattering  of  the  photons  on  the  incoming 
electron  beam.  The  ability  to  generate  the  photon  beam  in  this 
way  at  a  relatively  high  repetition  rate  with  a  drive  beam  to 
photon  beam  efficiency  of  3-4%  gives  CLIC  a  distinct 
advantage  over  other  machines  which  rely  on  conventional 
lasers.  Detailed  studies  show  that  yy  luminosities  of  4x10^^ 
cm'^s"^  and  2x10^^  cm"^s"^  respectively  can  be  obtained  for 
single  and  ten  bunch  operation  by  re-optimising  the  final  focus 
parameters  to  take  into  account  the  fact  that  there  is  no 
disruption. 
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500 

GeV 

1000 

GeV 

RF  Frequency 

f 

30 

30 

GHz 

Accelerating  field 

E 

80 

80 

MV/m 

Number  of  bunches 

n 

1-10 

1-10 

Distance  between  bunches 

A 

20 

20 

cm 

Repetition  frequency 

fr 

2.5-1.2 

4.0- 1.8 

kHz 

Total  two-linac  power 

Pac 

100 

275 

MW 

Beam  power  per  linac 

Pb 

0.82- 

3.92 

2.6- 

11.7 

MW 

Beam  power  /  AC  power 

2-8 

2-9 

% 

Particles  per  bunch 

N 

8.10^ 

8.10^ 

Normalised  emittances 
(horizontal  /  vertical) 

3/0.15 

3.9/0.2 

lCk<5 

rad.m 

RMS  bunch  length 

^7 

200 

200 

pm 

RMS  beam  dimensions 

(T*x,y 

250/7.5 

200/6 

nm 

Beamstrahlung  parameter 

Y 

0.08 

0.18 

Relative  energy  loss 

8b 

0.04 

0.08 

Luminosity  enhancement 

% 

1-42  , 

1.31 

Luminosity  with  pinch 

L 

00 

2.2-10 

1(^3 

cm'^s’^ 

Table  1  CLIC  Parameter  List 


VIL  BEAM  DYNAMICS  AND  FINAL  FOCUS 
STUDIES 

Beam  dynamics  studies  have  focused  on  minimisation  of 
the  emittance  blow-up  in  the  main  linac.  Nominal  emittances 
can  be  achieved  with  rms  alignment  tolerances  of  about  lOjLim 
on  both  accelerating  structures  and  beam  position  monitors 
using  a  dispersion-free  trajectory  correction  algorithm  with 
three  monitors  between  quadrupoles.  Emittances  below  the 
nominal  values  have  been  obtained  by  applying  a  new 
correction  algorithm  which  uses  differences  between 
trajectories  for  variable  bunch  currents  and  momentum  [9]. 
The  tolerance  on  quadrupole  position  jitter  for  a  10  % 
emittance  dilution  is  estimated  to  be  about  30  nm.  A  detailed 
layout  of  the  scaled  focusing  scheme  based  on  a  division  of 
the  main  linac  in  sectors  with  constant  betatron  function  has 
been  implemented.  This  required  the  addition  of  matching 
between  sectors  and  a  separation  of  the  phase  advances  in  the 
two  transverse  planes  by  10  degrees  to  minimise  coupling 
[10].  Shaping  of  the  bunch  particle  distribution  by  collimation 
in  the  compressor  has  been  introduced  to  minimise  the  energy 
spread. 

The  final  focus  system  will  have  to  be  adapted  to  multi¬ 
bunch  operation.  It  is  proposed  to  use  either  a  large  enough 
crossing  angle  (about  10  mrad)  so  that  the  outgoing  beam  can 
exit  through  a  separate  channel  in  the  quadrupole  nearest  to 
the  interaction  region,  or  to  use  a  small  enough  crossing  angle 
(0.25-0.5  mrad)  to  enable  the  beam  to  pass  through  the  same 
beam  hole  as  the  incoming  one.  In  order  not  to  lose  too  much 
luminosity,  the  first  option  requires  ’’crabbing"  of  the  bunches 
with  transverse  RF  fields  with  rather  stringent  phase 


tolerances.  The  second  option  will  need  somewhat  larger 
apertures,  and  hence  longer  or  stronger  (SC)  quadrupoles.  In 
both  cases,  the  incoming  beam  should  remain  on  axis  in  order 
to  minimise  the  emittance  growth  by  radiation  in  the  magnetic 
fields  of  the  quadrupoles. 

VIIL  ALIGNMENT  TEST  FACILITY  AND 
BEAM  POSITION  MONITOR  TEST  RESULTS 

An  active  alignment  test  facility  has  been  built  in  an 
unused  underground  tunnel  at  CERN  to  study  the  feasibility 
of  making  controlled  submicron  displacements  and  to  test 
alignment  systems.  Accelerating  structures  are  supported  by 
V-blocks  on  1.4m  long  silicon  carbide  girders.  The  ends  of 
adjacent  girders  sit  on  a  common  platform  which  ensures 
continuity  of  position  between  units.  The  platforms  are 
positioned  by  three  stepping-motor-driven  precision  jacks 
(two  in  the  vertical  plane  for  vertical  displacement  and  axial 
rotation,  and  one  in  the  horizontal  plane).  Quadrupoles  are 
positioned  and  moved  independently  of  the  structures  by 
similar  motors.  In  the  test  facility  a  stretched-wire  running 
along  the  axis  of  the  structures  and  passing  through  capacitive 
position  transducers  where  the  BPMs  would  normally  be  is 
used  to  simulate  the  beam.  After  deliberate  misalignments  of 
1mm,  the  system  which  is  programmed  for  automatic 
alignment  with  respect  to  the  transducers,  returns  to  its 
original  position  within  <l|im. 

A  prototype  Ejio  resonant  cavity  type  CLIC  beam 
position  monitor  has  been  tested  with  an  antenna  in  the 
laboratory,  and  with  a  beam  in  the  CTF.  Resolutions  down  to 
10  [xm  have  so  far  been  demonstrated  in  pilot  data  taking  runs 
in  die  CTF.  The  antenna  tests  however  clearly  demonstrated  a 
resolution  of  5nm. 
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INTRODUCTION 

The  objectives  of  the  CLIC  Test  Facility  (CTF)  are  to 
study  the  generation  of  short  intense  electron  bunches  using 
a  laser  driven  photocathode  in  an  RF  gun,  to  generate 
30  GHz  RF  power  for  high  gradient  tests  of  prototype  CLIC 
components,  and  to  test  beam  position  monitors.  The 
performance  of  the  CTF  has  improved  dramatically  in  the 
course  of  the  past  year  and  highlights  are  presented  here. 
The  layout  of  the  CTF  is  shown  in  Fig.  1. 

The  RF  gun  now  has  a  Cs2Te  photocathode,  enabling 
the  use  of  the  fourth  harmonic  of  the  YLF  laser  system 
(262  nm).  Laser  pulse  lengths  down  to  8  ps  full-width-half- 
height  (FWHH)  and  energies  of  0.5  mJ  have  been 
produced.  The  CTF  operates  with  a  repetition  rate  of  10  Hz 
with  either  single  bunches  or  trains  of  up  to  48  bunches. 
Trains  are  produced  by  splitting  the  laser  pulse.  The  RF  gun 
consists  of  a  1  1/2  cell  cavity,  a  photocathode,  a  focusing 
solenoid  and  a  4  cell  booster  cavity.  The  beam  exits  the 
gun  with  a  momentum  of  4.5  MeV/c  and  is  then 
accelerated  up  to  92  MeV/c  by  the  S-band  travelling  wave 
accelerating  section.  30  GHz  power  is  generated  when  the 
beam  is  passed  through  the  -  un-powered  -  prototype  CLIC 
main  linac  accelerating  section  [1].  The  power  is  fed  to  the 
second  prototype  main  linac  accelerating  section  and  the 
accelerating  gradient  produced  in  it  is  directly  measured  by 
reaccelerating  the  lead  bunch  of  the  drive  train. 

PERFORMANCES 

In  the  1994  run,  the  CTF  produced  30  GHz  powers  of 
up  to  76  MW,  which  corresponds  to  a  peak  gradient  of 
123  MV/m  in  the  30  GHz  decelerating  section  and  an 
average  gradient  of  94  MV/m  in  the  30  GHz  accelerating 
section.  Consistency  between  accelerating  fields 
determined  through  RF  power  measurement  and 
reacceleration  was  confirmed  up  to  76  MV/m.  There  has 
never  been  any  sign  of  RF  breakdown  in  either  accelerating 
section,  any  30  GHZ  component  or  waveguide  at  any  power 


level  achieved  so  far.  In  addition,  the  output  periodically 
loaded  waveguide  of  a  prototype  transfer  structure  was 
tested  to  60  MW  without  RF  breakdown.  These  results 
show  that  CLIC  can  be  operated  at  nominal  field  levels 
with  little  or  no  conditioning. 

The  maximum  power  achieved  in  the  1994  CTF  run 
was  almost  a  factor  2  higher  than  that  achieved  in  the  1993 
run  [2].  This  improvement  is  mainly  due  to  an  increased 
beam  energy  of  92  MeV  which  reduces  the  detrimental 
effect  of  long  range  transverse  Wakefields  in  the 
decelerating  section.  A  second  modulator  and  klystron 
allowed  the  generation  of  the  extra  3  GHz  power.  Further 
improvement  came  from  raising  the  number  of  bunches  to 
48  which  increased  the  charge  passing  through  the 
decelerating  section.  This  was  made  possible  by  an  upgrade 
of  the  laser  pulse  train  generator.  The  train  generator 
upgrade  has  also  given  the  capability  to  vary  the  laser 
pulse  lengths.  A  longer  laser  pulse  length  reduces  the  effect 
of  space  charge  in  the  RF  gun  and  has  given  a  single  bunch 
charge  at  the  gun  output  to  35  nC.  This  charge  is  more  than 
twice  the  previous  CTF  record.  The  electron  bunch  length 
at  this  charge  was  0^  =  2.4  mm  and  thus  further 

improvement  can  be  expected.  The  maximum  charges 
achieved  in  the  CTF  are  summarized  in  Table  1.  The  single 
bunch  charge  is  limited  by  space  charge  effects  in  the  gun 
and  short  range  transverse  Wakefields  in  the  3  GHz 
structure.  Multibunch  charge  at  the  RF  gun  exit  is  limited 
by  the  available  laser  energy.  The  downstream  charge  is 
further  limited  by  long  range  transverse  wakefields  and 
chromatic  effects  due  to  beam-loading  in  the  S-band 
accelerating  structure.  The  highest  30  GHz  powers  were 
produced  by  a  48  bunch  train  with  a  total  charge  of  80  nC 
transmitted  through  the  30  GHz  decelerating  section.  For 
this  charge  the  measured  bunch  length  was  0z«  1  mm 

which  corresponds  to  the  resolution  limit  of  the  streak 
camera. 


CLIC  structure 


spectrometer 

>/ ^blC  structure 
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Figure  1:  Layout  of  the  CTF  planned  for  1995 
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position  in  beamline 

single  bunch 
[nC] 

48  bunches 
fnCl 

RF  Gun  exit 

35 

450 

3GHz  structure  exit 

20 

160 

30GHz  structure  exit 

7 

81 

Table  1;  Maximum  measured  charges 


EMITTANCE  MEASUREMENTS 

Emittance  measurements  were  performed  with  single 
bunches  by  varying  the  strengths  of  two  quadrupoles 
downstream  of  the  3  GHz  structure  and  measuring  the  beam 
profiles  on  a  transition  radiation  screen  just  upstream  of  the 
30  GHz  accelerating  section.  The  measurement  results 
together  with  simulation  results  from  PARMELA  are  shown 
in  Fig.  2  [3].  The  normalized,  1  a,  rms  emittance  is  used. 
For  these  measurements  the  laser  spot  on  the  photocathode 
had  a  radius  of  5  mm  and  a  duration  of  S  ps  FWHH.  The 
phase  difference  between  the  zero  crossing  of  the  electric 
field  in  the  gun  and  the  arrival  of  the  laser  pulse  was  30°. 
Although  the  variation  of  emittance  with  bunch  charge  is 
qualitatively  similar  for  measured  and  computed  values, 
the  measured  emittances  are  systematically  higher.  This 
effect  is  not  understood.  The  large  error  bars  on  measured 
emittances  at  high  charges  are  caused  by  unstable  beam 
conditions. 


Figure  2:  Emittance  as  a  function  of  bunch  charge 


RF  PULSE  COMPRESSION 

The  3  GHz  accelerating  section  is  powered  by  a 
35  MW  klystron  with  a  4.5  \is  long  pulse  compressed  to 
1.2  |is  by  two  LIPS  cavities  as  shown  in  Fig.  1.  This  type  of 
pulse  compression  requires  a  phase  shift  near  the  end  of  the 
klystron  output  pulse  [4].  Using  a  new  programmable  3  GHz 
low  level  RF  phase  shifter,  three  phase  shift  schemes  were 
tested. 

A:  A  phase  jump  of  180°  1.2  |as  before  the  end  of  the  RF 
pulse.  This  has  been  the  standard  mode  of  operation 
before  the  programmable  phase  shifter  was  available. 


B:  A  phase  jump  of  +68°  1.2  |xs  before  the  end  of  the  RF 
pulse,  followed  by  a  gradual  phase  shift  from  +68°  to 
+180°  during  the  remainder  of  the  pulse. 

C:  A  linearly  decreasing  phase  by  -30°  during  the  first 
3.3  |is,  then  3  a  jump  of  +68°  ,  followed  by  a  linear 
phase  shift  of  +112°  during  1.2  [is. 

Scheme  A  produced  a  sharp  rise  followed  by  an 
exponential  decay  with  an  overshoot  2.5  times  larger  than 
the  average  pulse  power.  Scheme  B  delivered  a  nearly  flat 
power  pulse  with  an  overshoot  of  only  20%  above  the 
average  power.  Nonetheless  scheme  B  provided  10%  less 
acceleration  of  the  beam  than  method  A.  This  occurred 
because  scheme  B  introduces  a  frequency  shift  of  about 
30  kHz  at  the  output  of  the  LIPS  cavities.  This  has  been 
compensated  in  scheme  C  by  the  negative  phase  ramp  at 
the  beginning  of  the  RF  pulse.  The  energy  gain  of  the  beam 
with  scheme  C  is  5%  lower  than  scheme  A  for  constant 
klystron  power.  Because  the  beam  energy  was  not  limited 
by  klystron  power  but  rather  RF  breakdowns  in  the  3  GHz 
accelerating  section  the  lower  overshoot  of  scheme  C  is 
more  important.  An  energy  gain  of  87  MeV  was  achieved 
with  scheme  C  and  only  70  MeV  with  scheme  A. 

PHOTOCATHODES 

Nine  photocathodes  have  been  used  in  the  RF  gun 
during  the  1994  CTF  run.  Four  Cs2Te  cathodes  were  used  at 

100  MV/m  for  a  total  of  159  days.  However,  three  others 
worked  only  at  a  lower  field,  70  MV/m,  and  were  used  for 
only  a  total  of  22  days.  The  typical  starting  quantum 
efficiency  (QE)  was  about  5%,  measured  in  a  dc  gun  at 
8  MV/m.  The  QE  was  found  to  increase  with  increasing 
electric  field  during  measurements  with  the  photocathode 
in  the  RF  gun,  see  Fig.  3. 

The  QE  does  not  show  a  strictly  exponential 
degradation  with  time.  During  a  period  of  4  to  5  days  after 
installation  in  the  RF  gun,  a  rather  fast  decay  with  a  1/e 
lifetime  of  approximately  6  days  is  observed,  while 
afterwards  the  QE  decreases  more  slowly,  with  the  1/e 
decay  time  varying  between  34  and  67  days  for  the  next 
two  months  (the  beam  duty  factor  is  typically  30%). 
Measurements  with  closely  spaced  laser  pulses  have 
demonstrated  that  the  relaxation  time  of  electrons  in  the 
photocathode  material  is  less  than  a  few  picoseconds.  Two 
new  photocathode  materials  which  can  be  transported  in 
air,  unlike  Cs2Te  which  requires  a  vacuum  transfer  system 

and  preparation  chamber,  were  tested.  Csl  with  a  thin  layer 
of  germanium  has  a  QE  of  0.19%  at  100  MV/m.  A 
magnesium  layer  on  a  copper  substrate  has  a  QE  of  only 
0.027%  for  the  same  electric  field. 
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Figure  3:  Quantum  efficiency  versus  electric  field  for  CsjTe 
and  Mg  photocathodes. 

MODMCATIONS  FOR  THE  1995  RUN 

In  order  to  reduce  the  beam-loading  and  transverse 
Wakefields  in  the  3  GHz  accelerating  section,  the  old  spare 
LIL  section  used  until  now  will  be  replaced  by  a  high 
gradient,  1  m  long  structure  borrowed  from  LAL  [5]. 

A  magnetic  chicane  bunch  compressor  between  the  RF 
gun  assembly  and  the  accelerating  structure  will  be  used  in 
the  1995  run  .  An  energy/phase  correlation  in  a  bunch 
(introduced  by  appropriate  phasing  of  the  booster  cavity) 
together  with  the  energy/path  length  dependence  in  the 
chicane  compresses  the  bunch.  The  chicane  consists  of  two 
15  cm  long  left  bending  magnets  and  a  30  cm  long  right 
bending  magnet  [6].  Two  quadrupoles  upstream  of  the 
chicane  and  four  downstream  (not  shown  in  Fig.  1)  are  used 
to  match  the  beam  in  the  transverse  plane. 

In  order  to  increase  the  high  charge  performance  of 
CTF,  a  new  RF  gun  is  being  constructed.  A  drawing  of  the 
RF  geometry  is  shown  in  Fig.  4,  and  the  main  parameters 
are  listed  in  Table  2.  The  design  goals  were  to  maximize 
aperture  to  allow  a  large  beam  radius,  maximise 
acceleration  in  the  first  cell  to  keep  the  effect  of  space 
charge  small,  and  to  minimize  the  r/Q  to  minimize  energy 
spread  in  bunch  trains.  These  goals  are  achieved  with  a 
large  iris  aperture,  a  10°  concave  cone  around  the  cathode, 
and  re-optimized  cell  lengths. 


number  of  cells 

3 

iris  diameter  [mm] 

40 

cone  angle 

10° 

frequency  [MHz] 

2998.55 

output  energy  [MeV] 

6.58 

input  power  [MW] 

13.6 

max.  field  on  photo  cath.  [MV/m] 

100 

Table  2:  Parameters  of  the  new  RF  gun 


Figure  4:  Sketch  of  the  new  RF  gun  (distances  in  mm) 
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GENERATION  OF  A  30  GHZ  TRAIN  OF  BUNCHES  USING  A  MAGNETIC 

SWITCH-YARD 

B.  Autin,  R.  Corsini,  CERN,  CH  121 1  Geneva  23,  Switzerland 


A  possible  technique  of  generation  of  high-frequency 
drive  beam  for  a  linear  collider  consists  in  creating  electron 
bunches  in  a  battery  of  guns  and  merging  them  in  a  magnetic 
circuit  (switch-yard)  at  the  end  of  which  all  the  bunches  are 
aligned  on  a  common  line  with  the  right  spacing.  Two  types 
of  scheme  are  discussed.  The  properties  of  the  structure  in 
terms  of  orbit  dispersion,  focusing  and  bunch  lengthening  due 
to  finite  momentum  spread  and  emittance  are  analyzed. 

1.  INTRODUCTION 

The  CLIC  project  of  a  e'^  e"  linear  collider  is  based  on 
the  two-beam  accelerator  scheme  [1].  The  electron  and 
positron  beams  are  accelerated  in  30  GHz  accelerating 
structures,  the  needed  rf  power  being  generated  by  the 
interaction  of  a  high  power  relativistic  electron  beam  (the 
Drive  Beam),  running  parallel  to  the  main  linac,  with 
appropriate  rf  structures  resonant  at  30  GHz  (transfer 
structures).  Each  drive  beam  (one  for  the  positrons,  and  one 
for  the  electrons)  has  an  energy  of  3  GeV  and  is  composed  of 
2,5  |iC,  12  ns  long  electron  bursts,  at  the  same  ~  2  kHz 
repetition  rate  of  the  main  beam.  Each  burst  is  composed  of 
typically  four  trains  of  22  short  (O'-!  mm)  bunchlets.  The 
bunch  charge  is  30  nC,  and  the  bunches  are  spaced  by  1  cm. 
This  spacing  corresponds  to  the  30  GHz  frequency  of  the 
transfer  structures.  While  it  seems  feasible  to  generate  and 
accelerate  single  30  nC  bunchlets  in  an  S-band  photocathode 
rf  gun  +  booster,  with  the  desired  bunch  length  (possibly  by 
using  magnetic  pulse  compression),  the  correct  spacing 
between  bunchlets  cannot  be  directly  achieved.  Furthermore, 
the  beam  loading  limits  the  number  of  bunchlets  that  can  be 
accelerated  in  such  a  system  during  the  12  ns  duration  of 
each  burst.  Therefore,  one  needs  more  of  these  sources  to 
generate  the  full  drive  beam,  and  a  method  of  combining  the 
pulses  together  at  the  right  spacing.  The  proposed  technique 
consists  of  using  one  array  of  1 1  electron  guns  for  each  drive 
beam  [2],  Each  gun  delivers  2  bunchlets  per  train,  and  each 
operates  at  a  different  energy  from  25  to  50  MeV.  The 
bunchlets  are  then  merged  in  a  single  trajectory  using  a 
dipole  magnet  and  undergo  further  acceleration  downstream.' 
This  bunch  recombination  scheme  could  be  tested  in  future 
(possibly  with  only  two  lines)  in  the  CLIC  Test  Facility 
(CTF)  [3]. 

The  general  shape  of  a  switch-yard  is  shown  in  figure  1 . 
The  optical  structure  of  the  channels  is  presented  for  two 
types  of  scheme  christened  C  and  S.  The  C-scheme  is 
presently  contemplated  for  the  big  machine  and  the  S-scheme 
seems  to  be  more  appropriate  for  the  test  facility.  It  has  also 
to  be  noted  that  such  structures  can  be  of  interest  all  along 
the  drive  beam  each  time  the  beam  has  to  be  bent  while 
satisfying  the  condition  of  isochronicity. 
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II C-  and  S-schemes 

Two  symmetric  configurations  of  switch-yard  channels 
are  compared  in  this  paper.  The  C-scheme  is  symmetrical 
with  respect  to  an  axis  and  the  deflections  of  the  two  bending 
magnets  add  up.  The  S-scheme  is  symmetrical  with  respect  to 
a  point  and  the  two  deflections  are  of  opposite  sign  so  that 
the  input  and  output  trajectories  are  parallel.  Their  schematic 
structure  is  shown  in  figure  2.  The  bending  magnets  are 
represented  by  white  circles.  The  shape  is  indeed  circular  for 
the  magnet  in  which  all  the  bunches  are  merged  before 
exiting  on  a  common  straight  section. 


Figure  2.  C-channel  (a)  and  S-channel  (b). 
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When  few  beams  have  to  be  combined,  a  static  dipole 
may  advantageously  be  replaced  by  a  radio  frequency  dipole. 
In  this  configuration,  the  bunches  receive  the  same 
deflections  but  with  an  alternating  sign.  The  other  dipole  is 
actually  a  sector  magnet  proper  to  each  channel.  The 
focusing  structure  is  idealized  by  thin  lenses  which  permit 
algebraic  calculations  and  an  analytical  formulation  of  the 
properties  of  the  schemes.  Detailed  analysis  using  thick 
lenses  is  beyond  the  scope  of  this  study.  For  reasons  which 
will  be  discussed  in  the  next  chapter,  the  focusing  is 
performed  with  singlets  in  the  C-case  and  doublets  in  the  S- 
case. 


III.  Optics  of  a  switch-yard  channel 

A  magnetic  switch-yard  is  easily  analyzed  when  the 
particles  are  traced  backwards  from  the  straight  section 
where  the  bunches  are  merged  to  the  photo-injectors.  The 
bunch  motion  is  traditionally  split  into  the  motion  of  its 
centre  of  gravity  and  the  oscillations  of  the  other  particles 
about  the  centre  of  gravity. 

A.  Orbits 

The  orbits  (see  figure  1)  are  the  trajectories  of  the 
centers  of  gravity  of  the  bunches.  They  start  with  a  common 
straight  section  and  are  then  discriminated  by  a  spectrometer 
whose  magnetic  field  is  constant  and  shape  is  a  circle  of 
radius  R,  The  trajectories  in  the  spectrometer  are  arcs  of 
circles  orthogonal  to  the  contour  circle;  their  radius  is 
proportional  to  the  particle  momentum.  With  respect  to  a 
reference  orbit  of  momentum  p  and  deflection  (|),  a  neighbour 
orbit  of  momentum  p+Ap  is  radially  displaced  at  a  distance  I 
from  the  end  of  the  spectrometer  by  the  quantity  D  Ap/p 
where  the  orbit  dispersion  D  is  given  by: 

D  =  (/?  +  /)sinct> 

This  separation  is  needed  for  placing  focusing  elements.  In 
order  to  keep  the  whole  system  compact,  the  separation  is  to 
be  small  and  the  space  reserved  to  the  quadrupoles  is 
comparable  to  the  spectrometer  radius  and  of  the  order  of  20 
cm  which  is  compatible  with  permanent  magnet  technology. 
The  second  separation  to  be  achieved  concerns  the  photo¬ 
injectors  at  the  end  of  the  channel.  In  a  symmetric 
configuration,  it  is  determined  by  the  distance  2d  between  the 
two  spectrometers.  For  the  C-  and  S-scheme  they  are  equal  to 
sq  =  (/?  + fif)  sin  (j) +  /?(!  + cos  <])) 

=  2(i?  +  ^)sin(t) 

The  C-scheme  is  more  practical  than  the  S-scheme  because 
of  its  fan  shape  but,  for  a  separation  of  30  cm  at  the  location 
of  the  injectors,  the  distance  between  the  spectrometers  is  of 
the  order  of  5  m  in  both  cases, 

B,  Focusing 

The  switch-yard  channel  is  dispersive  in  its  very 
principle  but  it  connects  two  straight  sections  where  both  the 


orbit  dispersion  D  and  its  longitudinal  derivative  D'  must  be 
zero.  The  dispersion  increase  in  the  spectrometers  is  always 
the  same  but  keeps  rising  in  the  C-scheme  up  to  the  F-lens 
where  it  is  bent  back  towards  the  second  spectrometer 
whereas,  in  the  S-scheme,  it  is  immediately  focused  to  the 
center  of  symmetry.  Such  orbit  dispersion  patterns  impose 
the  focal  length  of  the  F-lens: 

.  R  +  d 
fc  =  — 

R+d 

In  the  S-case,  /  is  the  distance  from  the  end  of  the 
spectrometer  to  the  F-lens.  It  turns  out  that  the  focusing  is 
much  stronger  for  the  S-  than  for  the  C-scheme.  The  variation 
of  the  orbit  dispersion  is  shown  in  figures  3  and  4. 


Figure  3.  Orbit  dispersion  in  a  half  C-channel. 


The  horizontal  focusing  being  fixed,  the  vertical  focusing 
is  provided  by  D-lenses  located  in  zero  dispersion  regions, 
i.e.  the  input  and  ouput  straight  sections.  The  structure  is 
made  of  alternating  D-  and  F-lenses  in  the  C-scheme  and  of 
two  symmetric  doublets  in  the  S-scheme.  The  conditions 

P/.-Pv  =  0 

at  the  end  of  the  channel  are  canonical  to  match  a  FODO  cell 
directly  or  via  a  quarter  wave-length  transformer  [4].  The  two 
unknowns  of  the  problem  are  the  focal  length  of  the  D-lens 
and  the  distance  from  the  D-lens  to  the  matching  point.  With 
the  help  of  a  symbolic  program,  factorizations  can  be 
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performed  and  the  physical  solutions  turn  out  to  be  uniquely 
determined  though  they  are  solutions  of  a  fourth  degree 
equation.  The  p-functions  are  somewhat  arbitrary  since  the 
periodic  lattice  which  surrounds  the  channel  is  not  a  priori 
defined  but  rather  fitted  to  the  switch-yard.  The  p-functions 
at  the  symmetry  point  which  serve  as  input  values  to  the  p- 
tracking  have  been  chosen  so  as  to  minimize  the  a-function 
at  the  end  point  to  facilitate  the  betatron  matching.  The 
variations  of  the  P-functions  are  shown  in  figures  5  and  6. 


Figure  5:  P-functions  in  a  half  C-channel. 


$  2  ?  4  5 


Figure  6.  P-functions  in  a  half  S-channel. 


When  two  particles  of  same  momentum  and  longitudinal 
position  enter  a  spectrometer,  they  leave  it  at  different 
longitudinal  positions  distant  by 

dz  =  (x-Rx'  )sin<|) 

if  their  radial  distance  is  x  and  their  horizontal  angles  differ 
by  x'  at  the  input.  From  this  stand  point,  an  S-scheme  is  self 
compensated  at  least  to  first  order.  Position  and  angle  are 
related  by  the  Courant  and  Snyder  invariant  and  it  can  be 
shown  that  for  a  given  emittance  ellipse  of  area  E,  the  bunch 
lengthening  varies  from  zero  to  a  maximum  value  which 
depends  on  (j),  R,  e  and  the  P-function  at  the  end  of  the  dipole. 

The  change  in  path  length  is  related  to  the  relative 
momentum  error  through  the  path  length  dispersion 

An 

Az  =  Di^ 

P 

whose  expression  in  a  dipole  is 

D/ =  p((t)-sin(j)) 

In  contrast  to  the  case  of  the  emittance  dependence,  the  path 
length  always  increases  in  a  dipole  because  the  radius  of 
curvature  p  and  the  deflection  (|)  have  the  same  sign.  can 
nevertheless  be  controlled  by  shifting  the  quadrupoles 
radially.  A  displacement  Ax  produces  a  kick 

f 

and  a  change  in  path  length  D  A(j).  The  focal  distance/ of  the 
F-lens  has  a  new  expression  because  the  extra  kick  modifies 
the  orbit  dispersion 

_  (/?+t/)sin(j) 

^  2  sin  (j)  +  Ac]) 

^  (R-^d)  sin  (^-\-(d-  /)A(t) 


IV.  CONCLUSION 


In  each  bunch  the  particles  have  a  finite  momentum  spread 
and  it  is  indispensable  to  superimpose  on  the  quadrupolar 
component  of  the  lenses  a  sextupolar  component 

f  =  Df 

where  f  is  the  radial  derivative  of  the  quadrupole  focal 
length.  This  correction  can  only  be  performed  in  the  F  lenses 
where  the  orbit  dispersion  is  non-zero  and  the  chromatic 
aberrations,  yet  not  fully  compensated,  remain  tolerable. 


The  characteristics  of  optical  structures  which  can  be 
inserted  in  zero  dispersion  regions  with  a  controlled 
isochronicity  have  been  described  in  the  framework  of  a 
linear  model  which  gives  the  basic  parameters  in  an 
analytical  way.  The  simulation  of  higher  order  and  space 
charge  effects  is  not  reported  here  but  has  been  done  and 
confirms  the  feasibility  of  a  magnetic  switch-yard. 

V.  REFERENCES 
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A  NEW  FAMILY  OF  ISOCHRONOUS  ARCS 

G.  Guignard  and  E.T.  d’Amico,  CERN,  121 1  Geneva  23,  Switzerland 


For  the  Compact  Linear  Collider  (CLIC) ,  the  bunch  time  struc¬ 
ture  should  be  preserved  in  the  injector  complex,  especially  in 
the  recirculation  arcs  and  after  the  final  bunch  compression  stage 
up  to  the  main  linac  injection.  At  the  same  time,  because  the 
transverse  emittances  are  so  tiny,  their  growth,  essentially  due  to 
synchrotron  radiation,  should  be  kept  as  low  as  possible.  In  other 
projects,  several  isochronous  arcs  have  been  designed  numeri¬ 
cally  to  meet  these  requirements  for  a  particular  arc  layout.  These 
designs  cannot  be  easily  adapted  to  different  configurations.  The 
purpose  of  this  study  is  to  obtain  analytically  the  main  param¬ 
eters  of  a  new  class  of  isochronous  arcs  which  can  be  quickly 
tailored  to  special  applications.  Some  of  these  are  presented  and 
they  emphasize  the  small  transverse  emittance  growth  achievable 
even  at  large  injection  energy  while  keeping  the  arc  radius  in  a 
reasonable  range.  Because  locally  the  first-order  anisochronicity 
is  fully  cancelled,  higher-order  contributions  are  less  important 
than  in  other  designs. 


I.  INTRODUCTION 

In  the  Compact  Linear  Collider  (CLIC)  many  considerations 
(wake-field  effects,  high  luminosity)  require  that  the  bunch  time 
structure  should  be  preserved  after  the  last  bunch  compression 
has  taken  place.  This  condition  in  general  cannot  be  fulfilled 
when  the  beam  passes  through  a  deflecting  system  because  of 
the  difference  in  length  between  the  individual  orbits  due  to  the 
energy  spread  and  to  the  different  initial  conditions.  The  system 
is  called  isochronous  when  it  does  not  change  the  bunch  time 
structure.  It  can  be  proved  [1]  that  in  the  linear  approximation 
such  a  system  should  be  nondispersive  and  such  that: 


D(s) 

p(s) 


ds  =  0 


(1) 


where  D(s)  is  the  horizontal  dispersion,  p(s)  the  radius  of  cur¬ 
vature  and  Si ,  S2  are  the  positions  of  the  beginning  and  end  of 
the  insertion. 

The  relation  (1)  shows  that  contributions  to  the  integral  come 
only  from  deflecting  magnets  and  off-centred  quadrupoles. 

Several  schemes  of  isochronous  arcs  have  been  developed  [2], 
[3].  They  are  based  on  lattices  encompassing  several  deflecting 
magnets  where  the  integral  (1)  is  minimized  numerically  over 
the  whole  arc.  The  purpose  of  this  study  was  to  investigate 
analytically  an  isochronous  module  with  the  minimum  number 
of  deflecting  magnets.  The  juxtaposition  of  identical  modules 
allows  the  building  up  of  a  whole  family  of  isochronous  arcs 
depending  upon  some  parameters  which  can  be  adjusted  to  meet 
special  design  constraints,  such  as  minimization  of  the  emittance 
growth  due  to  synchrotron  radiation. 

It  can  be  proved  [1]  that  the  minimum  number  of  deflecting 
magnets  in  an  isochronous  module  is  three.  For  reasons  of  sim¬ 
plicity  we  have  chosen  a  symmetric  module  about  the  mid-plane 
of  the  central  deflecting  magnet. 
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IL  ISOCHRONICITY  CONDITION 

Let  us  consider  an  isochronous  insertion  with  three  bending 
magnets  (see  Fig.  1),  where  we  neglect  for  the  moment  the  pres¬ 
ence  of  other  magnetic  elements  assumed  to  be  perfectly  centred. 
To  simplify  the  algebra  the  bending  magnets  will  be  treated  as 
sector  magnets  of  the  same  length  but  of  different  curvature  radii 
Pi  and  the  deflection  angles  being  respectively  (pi  and  <p2. 


External  bending  Centre  bending  External  bending 

magnet  magnet  magnet 


Figure  1:  Isochronous  insertion:  bending  magnet  configuration. 

Assuming  that  the  dispersion  and  its  derivative  are  zero  at  the 
entrance  of  the  first  magnet,  it  is  easy  to  show  that  the  isochronic- 
ity  and  symmetry  conditions  yield  the  following  expressions  for 
the  dispersion  and  its  derivative  at  the  entrance  of  the  centre 
magnet  [4]: 


Dj  =  p2[D'jCtnicl>2/2)  +  l] 

D'j  =  Q(/)i -siiK^i^  .  (2) 


III.  INSERTION  DESIGN 

To  transport  the  beam  through  the  insertion  described  in  Fig. 
1,  we  have  to  add  quadrupoles  between  the  bending  magnets. 
The  simplest  configuration  is  a  FODO,  as  shown  in  Fig.  2  where 
only  a  half-insertion  is  drawn. 
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Figure  2:  Layout  of  half  isochronous  insertion. 

The  three  spaces  L 1 ,  L2,  L3  and  the  two  quadnipole  strengths 
ki,  k2  have  to  be  chosen  in  order  for  the  expressions  (2)  to  be 
satisfied.  After  some  manipulation  of  the  transfer  matrices  (see 
Appendix  A  of  reference  [4])  the  following  expressions  for  the 
three  drift  lengths  as  functions  of  ,  k2  and  of  the  free  parameter 
AL^  =  L3  —  DjfDj,  may  be  obtained: 


Li  =  a 


Ciqi 


Ciq2 

^2  =  qi  —  q2-\- 


(AL3  +  q2)  —  I  +  qi 
b 


AL3  -h  q2 
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Table  1:  Permitted  ranges  of /ci ,  ki,  AL3 


^1  ^  Min{^j  \  kmax} 

qi  <  qi--d  and  AL3  >  Max{rf  DjID),  —^2} 

qi>  q\—d  andMax{d  -  DjlD),  -qi)  <  AL3  < 

<  jfci  < 

Max{d  -  Dj/D'i,  ALf)  <  AL3  <  Alf 

jtJ'Uiti  <Min{fcP\fcP\fcmax} 

Jki  <  andMax{d  -  Dj/D),  ALf)  <  AL3  < 

k^^  <  ki  <  Min{/cj  \  kjnax} 

andMax{d  -  Alf }  <  AL3  < 

k^^  <  k\  <  kxnox 

q2<qi-dw)A  AL3  >  Max{d  -  Dj/D],  AL’^^’) 

where  kf\  kf\  are  the 

(/  +  <f)y^tan(L,y^)  =  l, 

(/  +  d)yll^ -  cos( 
and  C|,  kl,  *n,ax,  ALf\  ALf\ 

U*  —  1 

<<-9111+? 

solutions  of  the  following  transcendental  equations: 
cosiLg^/k^)(.l+2d)^\-yj  /cos(L^aAF)] 

Lqyfi^)  =  a,  y^sinh(/^y^)  -  cosh(/^y^)  -  q  =  0 

are  given  by  the  expressions 

Typ,  W-JII.  ALj  -  qi,  ?1+^)  qi 

yj _ _ _ — - 

L3  =  Dj/D 

;■ + AL3 

(3) 

where 

1  = 

Pitan(<^i/2), 

a  = 

b  = 

C2  VCj  ^  aCj’ 

qi  = 

ik’ 

(4) 

Cl  = 

COS  (L,v^). 

Si  = 

sin  iLg^/l^) , 

C2  = 

cosh(L,v^), 

S2  = 

sinh(LgV^) 

i*  At  . 

Lq  being  the  quadrupole  length.  Table  1  gives  a  subset  of  the 
ranges  ofki ,  ki,  AL3  for  which  the  three  drift  lengths  are  larger 
than  a  given  value  d,  when 


q\  I  d  +  d 

This  can  be  shown  to  be  the  case  for  most  of  the  usual  hard¬ 
ware  configurations.  The  full  set  of  conditions  may  be  found  in 
Appendix  C  of  [4]. 

IV.  ARC  DESIGN 

To  build  up  an  arc  we  have  to  connect  as  many  insertions  as 
are  necessary  to  obtain  the  desired  deflection.  To  avoid  large 
excursions  of  the  betatron  functions,  the  easiest  way  is  to  take 
advantage  of  the  insertion  symmetry  and  to  ensure  that  the  values 
of  the  Twiss  parameters  at  both  ends  of  a  module  composed  of 
an  insertion  as  described  above  and  of  a  matching  section  are 
the  same.  It  is  easy  to  show  that  this  is  possible  only  when  the 
betatron  function  and  its  derivative  at  both  ends  of  such  a  module 
are  respectively: 

^0  =  y/l-  rY^/\m%\  \  and  ^0  =  ^ 

where  m  —  m\\  =  mti  and  m2i  are  the  elements  of  the  transfer 
matrix  for  the  module.  It  is  very  difficult  to  do  without  the  match¬ 
ing  section  while  satisfying  these  constraints  in  both  planes.  We 


have  preferred  to  choose  as  a  matching  section  half  a  triplet  at 
both  ends  of  the  insertion  to  obtain  a  module  with  —1  <  m  <  1 
in  bodi  planes.  The  Twiss  parameters  at  the  end  of  the  transfer 
line  injecting  in  the  arc  should  then  be  matched  to  the  values 
given  by  the  expressions  (5).  In  order  to  reduce  to  a  minimum 
the  contribution  of  magnetic  errors  and  the  sextupole  effects  we 
add  the  condition  that  the  phase  advance  over  a  small  number  of 
modules  should  be  an  integer  multiple  of  tt  in  both  planes. 

After  some  manipulations  it  is  possible  to  show  that  the  growth 
of  the  normalized  horizontal  emittance  Ay€xi&  in  good  approx¬ 
imation  inversely  proportional  to  the  fourth  power  of  the  number 
of  modules  required  to  assemble  an  arc  [4] .  The  diameter  of  a 
full-circle  arc  is  of  course  proportional  to  the  number  of  modules. 
Clearly  a  compromise  must  be  found  between  these  two  very  im¬ 
portant  design  parameters.  To  find  it  we  have  written  a  simple 
interactive  program  as  an  Excel  spreadsheet  which  permits  one 
to  quickly  obtain  the  main  features  of  a  In  arc  according  to  dif¬ 
ferent  choices  of  the  number  of  required  modules,  of  the  ratio 
between  the  radii  of  curvature  of  the  external  and  central  bending 
magnets,  and  of  the  gradients  of  the  two  quadrupoles  and  of  the 
distance  AL3. 

V  APPLICATIONS 

In  each  branch  of  CLIC,  two  360-degree  arcs  are  needed  to 
guide  the  particles  in  the  reverse  direction,  one  at  3  GeV  for  the 
drive  beam  and  the  other  at  9  GeV  for  the  main  beam.  These  arcs 
should  not  perturb  the  bunch  length,  which  is  carefully  chosen 
for  optimum  performance  at  the  final  interaction  region  in  the 
main  linac  and  for  power  transfer  efficiency  in  the  drive  linac. 
Thus  they  have  to  be  isochronous.  A  preliminary  study  of  them 
has  been  carried  at  the  first  order  using  the  tools  described  in 
the  previous  section.  The  results  are  summarized  in  Table  2  and 
Figs.  3  and  4. 

The  less  stringent  constraint  on  the  horizontal  emittance 
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growth  for  the  drive  beam  allows  one  to  obtain  a  smaller  arc 
radius  than  could  be  expected  from  the  energy  scaling  alone. 
Thus  larger  horizontal  emittance  growth  would  be  acceptable 
but  difficult  to  achieve  due  to  limitations  in  optics  matching. 


On  the  contrary  for  the  main  beam  the  fractional  horizontal 
emittance  growth  7.4%)  cannot  be  further  relaxed  to  obtain 
a  smaller  arc  radius  because  it  would  induce  a  significant  loss  of 
luminosity. 


VL  DISCUSSION 


Figure  3:  Optics  functions  of  the  3  GeV  isochronous  module. 


This  report  shows  the  existence  of  a  parametric  family  of 
isochronous  arcs  and  analytical  procedures  to  design  them.  Sim¬ 
ple  interactive  programming  tools  have  been  developed  to  im¬ 
plement  these  procedures  which  speed  up  the  search  of  near 
optimized  isochronous  arcs.  The  first-order  anisochronicity  is 
fully  eliminated  and  the  low  values  of  the  dispersion  contribute 
to  the  second-order  effects  as  well  as  to  limiting  the  horizontal 
emittance  growth.  On  the  other  hand,  this  makes  the  correction 
of  the  chromaticity  with  sextupoles  more  difficult  because  they 
cannot  be  placed  where  the  dispersion  is  sufficiently  high.  This, 
however,  becomes  a  severe  problem  when  the  arc  is  part  of  a  ring 
through  which  the  beam  passes  several  times.  Further  investi¬ 
gations  will  be  aimed  at  limiting  these  effects  and  studying  the 
energy  spread  acceptance  of  such  arcs.  Tracking  should  provide 
results  on  the  behaviour  of  this  family  of  isochronous  arcs  at 
higher  orders. 


Table  2:  Parameters  of  the  360-degree  isochronous  arcs 
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Figure  4:  Optics  functions  of  the  9  GeV  isochronous  module. 


Parameter 

3  GeV  arc 

9  GeV  arc 

Number  of  insertions 

3 

48 

Length  of  bending  magnet 

1.8  m 

1  m 

Quadrupole  length 

0.3  m 

0.5  m 

Gradient  of  the  focusing  Quad 

55T/m 

60  T/m 

Gradient  of  the  defocusing  Quad 

55  T/m 

60  T/m 

1.366  m 

2.068  m 

Li 

0.227  m 

0.925  m 

L3 

1.164  m 

0.310  m 

Overall  arc  diameter 

15  m 

214m 

Horizontal  phase  advance 

nil 

nil 

Vertical  phase  advance 

nil 

nil 

Nominal  Y€x  (m-rad) 

5  X  10-4 

2.5  X  10-^ 

(m  rad) 

8.16  X  10-^ 

1.84  X  10"’ 
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UPDATING  OF  BEAM  DYNAMICS  IN  THE  CLIC  MAIN  LINAC 

G.  Guignard,  CERN,  1211  Geneva  23,  Switzerland 


For  the  Compact  Linear  Collider  (CLIC)  study,  the  beam 
dynamics  has  been  revisited  in  order  to  search  for  consistent 
beam  parameters  that  simultaneously  satisfy  the  emittance  re¬ 
quirements  and  the  experimental  conditions.  In  the  main  linac, 
emphasis  was  put  on  the  minimization  of  the  energy-spread  for 
limiting  losses  in  the  telescope  acceptance,  on  the  increase  in  the 
ratio  between  the  bunch  intensity  and  the  vertical  beam-size  for 
improving  luminosity,  and  on  the  preservation  of  the  very  small 
vertical  emittance,  in  the  presence  of  strong  wakefields.  Simul¬ 
taneously,  the  emittance  ratio  and  beam-size  aspect  ratio  were 
adjusted  in  order  to  keep  the  average  energy  loss  in  the  collisions 
low  and  boost  the  fraction  of  luminosity  contained  to  within  two 
percent  of  the  centre-of-mass  energy.  The  conclusions  directly 
apply  to  single-bunch  mode  and  can  be  extended  to  multibunch 
mode  after  adequate  adjustments. 

L  INTRODUCTION 

In  a  linear  collider,  the  dynamics  of  the  beam  that  travels  in  the 
linac  is  simultaneously  constrained  by  the  focusing  conditions 
and  the  wakefields  that  are  unavoidably  present  in  the  linac,  and 
by  the  strong  forces  that  disrupt  the  bunch  when  it  collides  with  a 
counter  travelling  bunch  of  opposite  charge.  On  the  one  hand,  the 
three  dimensions  of  the  bunch  as  well  as  its  population  must  sat¬ 
isfy  criteria  to  ensure  beam  stability  and  bunch  coherence  while 
minimizing  perturbations  such  as  linear  coupling  and  wakefield 
deflections  in  order  to  prevent  emittance  dilution.  On  the  other 
hand,  the  same  beam  parameters  must  be  carefully  selected  for 
optimizing  the  lunndnosity,  its  distribution  at  collision  as  a  func¬ 
tion  of  the  energy  of  the  leptons  that  interact  and  emit  photons, 
and  the  intrinsic  energy  spread  of  the  beam  before  collision.  In 
the  Compact  Linear  Collider  (CLIC),  the  wakefields  associated 
with  the  high  frequency  (R-band)  of  the  accelerating  structures 
are  so  strong  that  in  the  past  our  attention  was  focused  mainly 
on  the  control  of  the  emittance  dilution,  the  optimization  of  the 
collision  parameters  coming  later.  However,  this  proved  not  to 
provide  satisfactory  physics  conditions  at  the  interaction  point, 
the  average  energy  loss  during  collision  in  particular  being  too 
large  and  unacceptable  [  1  ] .  This  consideration  made  obvious  the 
necessity  to  perform  a  general  optimization  of  the  single-bunch 
parameters  that  includes  all  the  conditions  briefly  recalled  above. 
If  the  luminosity  remains,  below  the  desirable  values  the  multi¬ 
bunch  option  should  be  added.  The  present  article  deals  with  the 
reoptimization  of  the  single-bunch  parameters  recently  carried 
out  for  CLIC  and  reviews  the  arguments  on  which  it  was  based. 

11.  BEAM-BEAM  PHENOMENA 

The  beam-beam  phenomena  can  be  described  approximately 
by  algebraic  formulae  which  are  partly  deduced  from  numerical 
simulations  [2,  3].  Although  they  are  not  very  reliable  in  the 
intermediate  use  of  quasi-flat  beams,  they  offer  the  advantage  of 
giving  good  results  for  either  round  or  flat  beams  and  of  provid¬ 
ing  simple  scaling  laws.  They  were  therefore  used  in  our  search 
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for  optimized  beam  parameters,  though  verification  by  numer¬ 
ical  simulations  remains  essential  [4,  5].  The  most  important 
formulae  are  recalled  hereafter,  starting  with  the  luminosity  L 
and  including  the  disruption  effects  at  collision  which  pinch  the 
transverse  beam  sizes  and  depend  on  the  nominal  beam  aspect 
ratio  R  —  cr* /a* 


with 


47rd'*d'* 

-  <  ..  _ 


f{R)  = 


I  +  IF} 
6/?3 


(1) 


Nb  is  the  number  of  particles  per  bunch  and  /„p  the  repetition 
rate.  The  pinch  effect  is  described  by  the  factors  Ho,  the  be¬ 
haviour  of  which  are  deduced  from  simulations  [3] 


=  1  +  ln(VDH-l)-b21n^ 


(2) 


with 


2r eNi)Cf^ 


'  + 


A  is  the  ratio  of  the  bunch  length  to  the  ^-function  at  the 
interaction  point  and  D  is  the  so-called  ‘disruption  parameter’. 
Starting  from  Eqs.  (1)  and  (2),  the  consequent  beam-beam  phe¬ 
nomena  can  be  characterized  by  three  basic  quantities:  the  beam- 
strahlung  parameter  T  proportional  to  the  fractional  energy  of 
the  photons  emitted  in  the  collision,  the  average  number  rty  of 
emitted  photons  per  electron,  and  the  relative  energy  loss  5^  due 
to  beamstrahlung  [2]. 


T 


5__rjyN^  ^2.54^^—!— 

6o!<Tz(ct^* -1-dp  ^  XeY 

/_MUi24^^ _ ^ _  (3 
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where  the  physics  constants  r^,  Xg  and  u  have  their  usual  mean¬ 
ing.  When  the  beam  is  flat  and  T  is  small,  8b  can  be  approxi¬ 
mated  by 


Sb 


Nt 


with 


d*a; 


(4) 


and  these  two  relations  can  then  be  combined  by  eliminating  a* 
and  by  using  the  relation  —  P*  (minimizing  the  hourglass 
effect): 


(5) 
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The  previous  beam  parameters  of  CLIC  suffered  from 
the  fact  that  the  aspect  ratio  R  was  as  low  as  ~  11 
and,  consequently,  that  the  horizontal  disruption  was  high 
(>  1). 

Both  transverse  beam  dimensions  were  therefore  strongly 
pinched,  leading  to  an  average  energy  loss  8b  larger  than  20- 
25%.  Looking  at  Eq.  (4),  there  are  three  ways  to  reduce  8b: 

-  Decrease  the  bunch  population,  but  this  involves  an  unac¬ 
ceptable  reduction  in  the  luminosity. 

-  Increase  the  bunch  length  which  does  not  change  L  di¬ 
rectly,  but  may  boost  wakefield  effects  and  then  raise  cr*. 
The  complete  dependence  of  8b  on  cr^,  shown  in  Fig.  1 
for  the  CLIC  parameters,  indeed  indicates  that  a  significant 
gain  on  8  b  implies  a  prohibitive  increase  of  cr^  by  a  factor  of 
three  or  four.  Moreover,  the  apparent  gain  on  5  b  for  small 

is  not  welcome  for  physics,  since  it  corresponds  to  an 
enlarged  spread  of  the  L-distribution. 

-  Widen  the  horizontal  beam  size  a  * ,  with  the  advantage  that, 
according  to  Eq.  (4),  L  decreases  less  rapidly  than  5b  . 
In  addition,  for  constant  5b,  and  a*  can  be  adjusted 
independently,  as  can  be  seen  from  Eqs.  (4)  and  (5). 


These  considerations  indicate  that  a  reoptimization  should 
start  from  a  given  value  of  5b  (say  3.5%  for  500  GeV  c.m.  energy) 
that  determines  the  requirement  on  the  aspect  ratio  33).  The 
other  beam  parameters  must  then  be  deduced  from  the  dynamics 
in  the  linac,  independently  of  the  arguments  based  on  beam- 
beam  phenomena.  The  bunch  length  can  hence  be  selected  in 
order  to  minimize  the  energy  spread  and  the  ratio  has  to 

be  raised  as  much  as  possible,  taking  into  account  the  emittance 
dilution  along  the  linac  due  to  wakefields,  which  are  in  turn  pro¬ 
portional  to  Nb,  The  next  section  describes  how  this  was  done 
for  CLIC. 

III.  BEAM  DYNAMICS  IN  THE  MAIN  LINAC 

Previous  tracking  in  the  main  linac  [6]  indicated  the  possibil¬ 
ity  of  obtaining  a  vertical  normalized  emittance  y€y  of  2  x  10“^ 
rad-m  at  250  GeV,  in  the  presence  of  wakefields,  for  an  intensity 
of  =  6  X  10^  and  for  an  emittance  at  injection  of  0.5  x  10"^. 
As  mentioned  in  Section  II,  the  next  step  consisted  in  looking  for 


the  maximum  of  when  increasing  Nb.  Limited  inves¬ 

tigations,  based  on  simulations  with  a  simple  one-to-few  trajec¬ 
tory  correction  [6],  produced  a  curve  (Fig.  2)  with  a  maximum 
at  around  Nb  =  S  x  10^.  Figure  2  shows  also  the  emittance 
y€y,  which  begins  to  blow  up  significantly  beyond  this  bunch 
current.  Although  this  kind  of  threshold  may  depend  on  the  kind 
of  correction  applied,  this  new  value  of  8  x  10^  has  been  adopted 
for  the  bunch  population.  All  the  trackings  have  been  naturally 
done  with  the  betatron  scaling  with  energy  that  is  specific  to  CLIC 
(P  ~  balance  between  dispersion  and 

wakefield  effects. 


Once  the  intensity  is  fixed,  one  can  turn  to  the  determination 
of  the  bunch  length  Let  us  recall  at  this  point  that  there  is  no 
need  in  CLIC  for  a  deliberate  energy  spread  ensuring  beam  stabil¬ 
ity,  since  BNS  damping  is  achieved  with  microwave  quadrupoles 
[7] .  This  gives  us  all  the  necessary  freedom  for  the  selection  of  a 
positive  RF  phase  <^rf  and  of  the  appropriate  which  ensures 
the  best  compensation  of  the  longitudinal  wakefield  variation  by 
the  RF  wave.  In  addition,  the  bunch  can  be  shaped  with  a  sharp 
edge  in  the  front  so  as  to  obtain  a  quasi-linear  increase  of  Wi  that 
better  matches  the  rise  of  the  RF  voltage.  Such  a  shaping  can 
be  provided  by  momentum  collimation  in  the  first  stage  of  the 
bunch  compressor  [8];  this  momentum  collimation  then  trans¬ 
forms  into  longitudinal  cuts  when  the  bunch  is  rotated  by  the 
second  stage.  The  best  cuts  are  determined  by  tracking  through 
the  linac  and  iterating  until  the  charge  distribution  with  energy, 
at  the  extraction,  is  perfectly  symmetrical  and  does  not  exceed 
the  acceptance  of  the  final  focus  (^  di5%o )  [9].  Figure  3  shows 
the  distribution  obtained  with  (pRf  =  12®  and  =  0.2  mm.  It 
corresponds  to  a  ‘peak-to-peak’  energy  separation  of  ~  6%o  and 
to  an  r.m.s.  energy  spread  of  2.3%o .  Such  a  minimization  of 
the  energy  spread  in  the  linac  is  a  required  condition  for  specific 
physics  experiments. 

The  next  critical  parameters  are  of  course  the  absolute  values 
of  the  emittances,  which  depend  directly  on  the  control  of  the 
wakefields,  on  the  misalignments  of  the  linac  components  and 
on  the  quality  of  the  trajectory  correction.  Because  the  aspect 
ratio  must  be  large,  the  vertical  emittance  must  be  very  small,  and 
studies  of  the  CLIC  dynamics  have  shown  that  final  values  at  250 
GeV  of  y€y  =  2  x  10“^  can  be  considered.  Such  an  emittance 
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Figure.  3.  Relative  energy  distribution  at  the  linac  end. 

control  has  been  obtained  while  coping  with  r.m.s.  misalign¬ 
ments  of  accelerating  structures  and  position  monitors  of  10  fxm 
[10],  using  dispersion-  and  wake-free  algorithms.  Recent  inves¬ 
tigations  of  beam-based  corrections  [11]  indicate  that  even  better 
performance  can  be  hoped  for  with  the  same  misalignments  and 
the  higher  bunch  current  retained.  They  are  based  on  trajectory 
difference  measurements  made  at  full  intensity  and,  say,  at  a 
tenth  of  the  intensity,  changing  simultaneously  the  momentum 
by  a  few  percent.  With  such  a  method  and  a  good  optimization  of 
the  microwave  quadrupoles,  one  can  achieve  y€y  =  1.5  x  10”^ 
at  250  GeV  and  yey  =  2  x  10~^^  at  500  GeV.  Then,  experience 
tells  us  that  such  a  minimization  of  y€y  is  easier  when  y€x  is 
about  20  times  larger  (at  the  end  of  the  linac).  This  explains  the 
proposed  values  of  y^x  =  3  x  10“^  at  250  GeV  and  3.9  x  10“^ 
at  500  GeV,  which  can  be  reached  easily  if  y€x  =  2.5  x  10“^  at 
injection  (9  GeV).  Now,  given  the  required  aspect  ratio  of  33  at 
the  interaction  point  (Section  II),  the  ratio  has  to  be  equal  to 

55.  In  addition,  the  hourglass  effect  is  minimum  when  p*  is 
about  90%  of  cr^ .  These  last  two  conditions  dictate  the  ^*-values, 
that  is  P*  =  0.18  mm  and  p*  =  10  mm. 

IV.  NEWLY  PROPOSED  PARAMETERS 

The  updating  of  the  beam  dynamics  in  the  CLIC  linac,  de¬ 
scribed  in  Sections  II  and  III,  reconcile  the  requirements  for  emit- 
tance  preservation  on  the  one  side  and  for  acceptable  conditions 
in  the  physics  experiments  on  the  other  side.  Table  1  summa¬ 
rizes  the  parameter  values  corresponding  to  the  new  conditions 
obtained  by  the  formulae  quoted  in  II.  One  can  emphasize  the  low 
values  that  are  now  achieved  for  the  horizontal  disruption,  T,  tiy 
and  8b  ^  All  these  values  have  been  cross-checked  by  programs 
simulating  the  collisions  [4,  5]  and  found  to  agree  to  within  ap¬ 
proximately  20%.  As  an  indication,  single-bunch  luminosities 
are  also  given  for  repetition  rates  dictated  by  power  consumption 
considerations  [12].  It  is  interesting  to  know  that  CLIC  can  de¬ 
liver  with  one  bunch  only  an  already  valuable  luminosity  of  1  or 
2  X  10^^  cm“^  s”^  for  the  energies  retained.  However,  it  relies 
on  multibunch  mode  for  improving  the  performance;  using  10 
bunches  with  lower  repetition  rates  in  order  to  keep  the  power 
constant  increases  the  luminosity  by  a  factor  of  5,  approximately. 
The  beam  dynamics  of  a  train  of  bunches  has  still  to  be  studied 
in  detail  before  final  conclusions  can  be  drawn. 


Table  1 

Newly  proposed  CLIC  parameters 


Final  energy  (GeV)  per  linac 

250 

500 

Bunch  population 

8  X  10® 

Bunch  length  (mm) 

0.2 

Final  normalized  emittances 
(10-''^  rad-m) 

30  X  1.5 

39x2 

Final  Focus  ^*-values  (mm) 

10  X  0.18 

Nominal  FF  beam  sizes  (nm) 

247  X  7.4 

200  X  6 

Pinched  FF  beam  sizes  (nm) 

232  X  5.6 

194  X  4.75 

Hourglass  factor 

0.94 

Disruption  parameters 

0.29  X  9.7 

0.22  X  7.4 

Parameter  T 

0.075 

0.179 

Number  of  photons  Hy 

1.35 

1.53 

Energy  loss  8b  (%) 

3.5 

7.5 

Luminosity  with  pinch 
(10^^  cm”^  s”^) 

1.0 

2.2 

Repetition  rate  (kHz) 

2.53 

4.0 

Luminosity  in  >  98%  c.m.  (%) 

63 

68 
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IMPROVED  CLIC  PERFORMANCES  USING  THE  BEAM  RESPONSE  FOR 

CORRECTING  ALIGNMENT  ERRORS 

C.  Fischer,  CERN,  1211  Geneva  23,  Switzerland 


It  has  been  demonstrated  that  in  the  Compact  Linear  Collider 
(CLIC)  alignment  errors  of  the  order  of  10  microns  r.m.s.  can  be 
tolerated  on  the  main  linac  components,  in  particular  on  pick-ups. 
These  results  imply  the  application  of  trajectory-correction  pro¬ 
cesses  involving  several  correctors  and  beam-position  monitors, 
of  the  ‘dispersion-free’  or  ‘wake-free’  types.  The  disturbing 
effects  to  be  corrected  have  so  far  been  simulated  by  gradient 
variation  of  the  lattice  quadrupole  chains.  Recently,  the  idea  of 
a  direct  evaluation  of  these  effects  was  suggested.  In  particular, 
one  can  measure  the  response  of  the  trajectory  when  the  beam  in¬ 
tensity  is  modulated.  By  incorporating  into  the  above-mentioned 
algorithms  the  measured  trajectory  differences  in  order  to  min¬ 
imize  them,  better  performances  are  achieved  than  when  these 
undesirable  effects  are  simulated.  The  results  presented  show  a 
gain  of  a  factor  of  two  on  the  vertical  emittance  blow-up. 

L  INTRODUCTION 

The  transverse  emittance  control  is  an  important  issue  for  fu¬ 
ture  linear  colliders.  Alignment  errors  affect  the  position  of  lat¬ 
tice  quadrupoles  and  of  R.F.  cavities.  Dispersive  effects  as  well 
as  transverse  Wakefields  are  then  generated,  leading  to  emittance 
dilution.  The  relative  importance  of  these  effects  is  related  to 
each  collider  design.  It  is  possible  to  use  processes  involving 
the  minimization  of  expressions  related  to  the  basic  trajectory, 
measured  at  nominal  momentum,  as  well  as  expressions  related 
to  trajectories  taken  for  different  detuned  machine  conditions. 
The  efficiency  of  the  method  is  directly  related  to  the  assump¬ 
tions  made  on  pick-up  alignment  and  resolution  errors.  These 
processes  can  be  of  the  dispersion-free  (DF)  or  wake-free  (WF) 
types  as  initially  suggested  at  SLAC  [1].  In  the  first,  the  focusing 
and  defocusing  quadrupole  chains  are  detuned  by  the  same  rela¬ 
tive  amount,  whereas  in  the  second  case  their  setting  is  modified 
in  opposite  directions.  The  application  of  these  methods  to  the 
Compact  Linear  Collider  (CLIC)  main  linac  is  discussed  in  Ref. 
[2].  One  interesting  aspect  is  that  quantities  involving  trajectory 
differences  are  invoked  in  addition  to  the  basic  trajectory.  The 
importance  of  pick-up  alignment  errors,  supposed  to  be  static 
during  the  process,  is  then  diminished  and  it  is  possible  to  rely 
more  on  pick-up  resolution  errors,  which  will  remain  confined  in 
the  sub-micron  range.  The  last  results  obtained  for  CLIC  are  de¬ 
scribed  in  Ref.  [3] :  assuming  alignment  errors  of  10  fim  (r.m.s.) 
on  quadrupoles,  cavities,  and  pick-ups,  vertical  emittance  values 
of  around  20  x  10~*  rad-m  can  be  obtained  at  the  end  of  the  linac 
(3200  m  for  a  final  energy  of  250  GeV  per  beam). 

Recently,  the  idea  of  a  direct  evaluation  of  the  Wakefields  has 
emerged,  instead  of  their  simulation  by  quadrupole  detuning. 
One  way  is  to  measure  the  beam  trajectory  at  various  currents 
and  to  minimize  differences.  This  concept  was  used  to  perform 
simulations  in  the  case  of  the  NLC,  with  promising  results  [4]. 
It  has  also  been  tried  for  CLIC. 
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II.  WAKEFIELD  CORRECTION  WITH 
MEASURED  WAKEFIELDS  (MW) 

With  respect  to  NLC  the  transverse  wakefield  strength  is 
stronger  by  a  factor  of  18  (it  scales  as  /^p)  in  CLIC.  In  the  case 
of  the  NLC  the  bunch  current  is  increased  for  a  proper  evaluation 
of  the  wakefield  effects  [4].  In  CLIC  the  Wakefields  dominate 
all  the  beam  dynamics  effects  at  the  nominal  bunch  charge  value 
(Np  =  6  to  8  X  10^  particles).  Therefore,  the  problem  is  rather 
to  find  conditions  where  the  influence  of  the  wakefields  is  small 
enough  and  which  can  be  used  to  determine  a  trajectory  followed 
by  a  beam  not  affected  by  wakefields.  Simulations  show  that  this 
condition  is  reached  when  the  bunch  population  is  reduced  by 
one  order  of  magnitude  from  its  nominal  value  (Fig.  1):  the  tra¬ 
jectory  taken  at  nominal  current  with  wakefields  switched  off  is 
similar  to  the  trajectory  measured  with  a  bunch  charge  ten  times 
smaller  in  the  presence  of  wakefields. 

The  application  of  a  wakefield  correction  with  measured  wake¬ 
fields  (MW)  not  only  requires  the  measurement  of  differences 
Axj  between  trajectories  taken  for  different  charges  Np  and 
Np/lO,  but  also  their  prediction  AX j  [2].  The  determination 
of  AX  j  requires  the  knowledge  of  all  the  transfer  matrix  coef¬ 
ficients  Rniiy  j)  from  a  kick  Oi  to  each  pick-up  j  with  j  >  i 
(located  downstream).  This  is  needed  for  the  nominal  machine 
and  for  Np/ 10  (description  of  the  linac  without  wakefield).  How¬ 
ever,  in  order  to  avoid  having  to  evaluate  these  coefficients  twice, 
the  linac  description  used  in  the  absence  of  wakefield  is  simply 
the  basic  optics  model.  The  implementation  of  the  method  is 
then  simpler,  but  this  is  an  approximation  compared  to  the  actual 
case,  as  some  effects,  for  example  energy  dispersion  within  the 
bunch,  are  neglected.  Then,  in  our  case: 

AX  j  =  Xj  (nominal)  —  Xj  (model) 

with 

Xj  (nominal)  =  ^  Rnii,  j,  nominal)  Oi 

i<j 

Xj  (model)  =  ^  Rnii,  j,  optics  model)  Oi 

i<j 

For  a  kick,  supposed  to  be  located  at  lattice  quadrupoles,  the  50 
subsequent  pick-ups  are  considered  (one  pick-up  being  installed 
every  two  girders). 

The  results  of  this  MW  process  application  after  800  m  (80 
cells)  are  represented  in  Fig.  2:  alignment  errors:  10  /xm  (r.m.s.) 
on  quadrupoles,  pick-ups  and  cavities. 

Starting  from  a  pre-aligned  machine  (Fig.  2a)  the  emittance 
evolution  is  shown  (Fig.  2b)  after  the  application  of  19  iterations 
on  18  quadrupoles  (nine  cells)  each,  with  an  overlap  of  nine 
half-cells  between  consecutive  iterations.  The  process  converges 
straight  off  (no  second  pass  is  needed)  and  is  the  most  efficient 
when  the  maximum  number  of  cells  is  considered  per  iteration 
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Figure.  1.  Measured  trajectory  on  the  first  800  m:  a)  Np  — 
6  X  10^,  Wakefields  OFF,  b)  =  6  x  10*,  wakefields  ON. 


(the  50  pick-ups  considered  for  a  kick  are  distributed  over  nine 
cells).  The  efficiency  is  best  when  weighing  10  to  100  times  more 
the  term  describing  wakefield  effects  compared  to  the  trajectory 
term. 

However,  correction  of  the  dispersion  on  this  wakefield- 
corrected  linac,  disturbs  the  results  (Fig,  2c).  A  solution  is  to 
consider  simultaneously  a  term  describing  the  effects  of  wake- 
fields  and  a  term  related  to  dispersive  effects. 

III.  DISPERSIVE  WAKEFIELD 
ALGORITHM  (DW) 

In  order  to  at  the  same  time  minimize  wakefields  and  disper¬ 
sion,  with  the  first  term  related  to  the  trajectory,  taken  for  nominal 
current  Np  and  nominal  momentum  pq,  two  other  terms  should 
come  in  the  algorithm:  one  related  to  wakefield  effects,  deal¬ 
ing  with  trajectory  differences  at  nominal  energy  between  bunch 
charges  Np  and  A^^/IO, 

Axy  =  Xj{Np,  pq)  -  Xj{Np/\0,  po) 

A  Xy  =  Xj  {Np ,  po)  -  (optics  model)  ( 1 ) 

and  one  extra  to  correct  dispersion,  describing  the  differences 
between  a  particle  having  nominal  momentum  po  and  another 
particle  with  an  energy  excursion  ±8  =  ibAp/po, 

Axf^  =  Xj(Np/ 10,  po  ±  Spo)  -  xj{Np/ 10,  po)  (2) 

AXf  =  XjiNp/lO,  PO  ±  8po)  -  Xj  (optics  model)  . 

Each  term  can  be  properly  weighed  with  respect  to  the  others. 
The  determination  of  the  quantities  Xj  coming  into  the  third  term 
requires  a  further  description  of  the  linac  (RiiiU  j)  coefficients) 
for  the  energy  deviations  ±8.  Again,  this  was  taken  from  the 
model  at  the  relevant  energies.  Using  this  algorithm  gives  good 
results  (Fig.  3a):  the  improvement  with  respect  to  Fig.  2b  can  be 


pre-alignment 


MW  correction 


DF  correction 


Figure.  2.  Vertical  normalized  emittance  over  800  m. 


appreciated.  The  terms  related  to  wakefields  and  dispersion  are 
weighed  100  times  more  than  the  term  dealing  with  the  trajectory. 

The  second  and  third  terms  can  then  be  combined  into  a  single 
term  which  will  at  once  take  care  of  wakefields  and  dispersion 
and  can  be  refered  to  as  a  Dispersive  Wakefield  (DW)  term.  Here, 
the  trajectories  with  energy  excursion  -\-8  and  —8  and  without 
wakefield,  are  compared  to  the  nominal  trajectory: 

Axf^  =  Xj{Np/l0,  po±8po)  -  Xj{Np,  Po) 

AXf  =  Xj(Np/lO,po±Spo)-Xj(Np,po) .  (3) 

This  scheme  is  more  efficient  as  the  number  of  trajectories  to 
be  measured  and  calculated  is  decreased. 

IV  RESULTS 

The  application  of  a  DW  correction  on  the  same  machine  gives 
the  results  represented  in  Fig,  3b.  Again,  a  relative  weight  of 
100  is  given  to  the  term  describing  wakefields  and  dispersion. 
The  efficiency  is  as  good  as  when  the  two  terms  are  distinct 
(Fig.  3b  compared  to  Fig.  3a).  Applying  this  strategy  up  to 
the  end  leads  to  the  results  presented  in  Fig.  3c:  an  emittance 
value  y€y  =  10  x  10~*  rad-m  is  obtained  after  51  iterations 
from  the  pre-aligned  machine.  This  represents  an  improvement 
by  a  factor  of  two  compared  to  the  results  cited  in  Ref.  [3]. 

The  scheme  was  tested  on  another  machine  with  the  same  lon¬ 
gitudinal  parameters  (RF  phase  7°,  bunch  length  0. 17  mm,  bunch 
charge  6x10^  considered  between  =b3cr^)  but  with  completely 
different  alignment-error  distribution  (still  of  10  fxm  r.m.s.).  Re¬ 
sults  are  presented  in  Fig.  4  after  2000  m  and  43  iterations 
(y^y  =  9  X  10~*  rad-m  is  obtained  —  Fig.  4a)  and  at  the 
end  of  the  linac  after  90  iterations  (Fig.  4b).  It  was  necessary 
to  add  a  few  iterations  between  2000  m  and  3000  m,  placing 
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Figure.  3.  Vertical  normalized  emittance  evolution: 
a)  MW+DF  process;  b)  and  c)  DW  process. 


more  emphasis  on  a  wakefield  term  without  dispersive  compo- 
nent  (MW  correction),  and  also  on  the  trajectory  term.  A  value 
y€y  =  10  X  10^^  rad-m  is  observed  at  the  end  of  the  linac. 


Q  1000  2000  3000 

z(m) 

Figure.  5.  Emittance  growth  on  the  third  (nominal)  machine. 

V.  DISCUSSION  AND  CONCLUSION 

A  method  based  on  the  measurement  of  wakefield  effects  by 
modulating  the  bunch  charge  has  been  tried  in  CLIC  and  ap¬ 
pears  more  efficient  than  when  these  effects  are  simulated  by 
quadrupole  detuning.  This  is  particularly  true  in  the  first  half  of 
the  linac,  where,  using  the  largest  number  of  kicks  and  pick-ups 
in  a  given  iteration  (only  limited  by  the  model  description),  the 
process  converges  straight  off,  hence  limiting  the  number  of  it¬ 
erations  needed.  Wakefields  and  dispersive  effects  can  then  be 
combined  into  a  single  term  in  the  algorithm;  the  process  is  thus 
easier  to  implement,  the  number  of  machine  conditions  to  be  de¬ 
scribed  being  reduced.  The  implementation  of  such  a  scheme, 
in  particular  the  way  of  regularly  modulating  the  bunch  charge 
during  its  application,  remains  to  be  studied. 

At  higher  energies,  this  DW  algorithm  appeared  less  powerful, 
and  adding  a  simpler  MW  algorithm  or  merely  a  trajectory  cor¬ 
rection  was  sometimes  beneficial.  A  possible  reason  could  come 
from  the  model  used  to  describe  the  machine  without  Wakefields. 
Another  possibility  is  the  artificial  splitting  of  the  linac  into  sec¬ 
tors  in  the  model,  without  their  overlapping.  The  final  vertical 
emittance  value  is  improved  by  a  factor  of  two,  with  a  process 
relying  on  the  beam  response,  keeping  alignment  tolerance  at  10 
/xm  (r.m.s). 
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Figure.  4.  Vertical  normalized  emittance:  a)  DW  process  after 
2000  m;  b)  at  the  end  of  the  linac. 


A  third  machine  was  considered  (Fig.  5)  with  the  latest  longi¬ 
tudinal  parameters  proposed  for  CLIC  [5]:  RF  phase  12°,  bunch 
length  0.2  mm,  bunch  charge  8x10^  considered  between  ~  -f-  la^ 
and  —2az  (this  machine  has  an  energy  spread  reduced  by  a 
factor  of  two).  As  in  the  previous  case,  the  DW  process  was 
efficient  in  the  first  half  of  the  linac  but  the  correction  process 
had  to  be  resumed  from  1500  m  with  a  MW  algorithm,  and  the 
basic  trajectory  term  stressed  near  the  end.  This  strategy  kept 
the  emittance  below  20  x  10~^  rad-m  along  the  linac  and  led  to 
a  final  value  y€y  =  10  x  10”®  rad-m  after  95  iterations. 
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EXPERIMENTAL  STUDIES  OF  A  CERN-CLIC  32.98  GHZ  HIGH  GRADIENT 
ACCELERATING  STRUCTURE  DRIVEN  BY  THE  MIT  FREE  ELECTRON 

LASER  AMPLIFIER* 

P,  Volfbeyn,  I.  Mastovsky,  G.  Bekefi,  MIT 
1.  Wilson,  W.  Wuensch,  CERN-CLIC 


Experimental  studies  on  a  CERN-CLIC  32.98  GHz  26-cell 
High  Gradient  Accelerating  (HGA)  section  were  carried  out 
with  input  powers  from  0.1  MW  to  50  MW.  MIT’s  Free 
Electron  Laser  (FEL)  amplifier  driven  by  a  mildly 
relativistic  electron  beam  (750  kV,  300  A,  30  ns)  served  as 
the  RF  power  source  for  the  structure.  The  maximum  power 
in  the  transmitted  pulse  was  measured  to  be  15  MW  for  an 
input  pulse  of  ~35  MW.  The  theoretically  calculated  shunt 
impedance  of  116  MQ/m  predicts  a  field  gradient  of  65 
MeV/m  inside  the  HGA.  For  power  levels  >3  MW  the  pulse 
transmitted  through  the  HGA  was  observed  to  be  shorter 
than  the  input  pulse  and  pulse  shortening  became  more 
serious  with  increasing  power  input.  At  the  highest  power 
levels  the  output  pulse  length  (about  5  nsec)  was  about  one 
quarter  of  the  input  pulse  length.  Various  tests  suggest  that 
these  undesirable  effects  occur  in  the  input  coupler  to  the 
HGA.  Light  and  X-ray  production  inside  the  HGA  have 
been  observed.  A  feasibility  study  suggests  that 
conditioning  is  a  likely  candidate  for  improving  the 
performance  of  the  HGA. 

L  INTRODUCTION 

The  two-beam  accelerator  [1]  is  a  promising 
candidate  for  achieving  the  ultra-high  electron  energies  (of 
the  order  of  or  higher  than  1  TeV)  required  in  the  next 
generation  linear  colliders.  The  HGA  is  a  prototype  of  a 
section  of  the  accelerating  line  of  a  two-beam  accelerator. 

For  driving  the  HGA  we  used  the  MIT  FEL  [2,3]  It 
produces  60  MW  r.f.  power,  18  ns  long  pulses.  A  high 
power  magnetron  is  the  input  power  source  for  the  FEL 
amplifier.  It  essentially  determines  the  tunability  of  the  FEL. 
The  operating  frequency  range  of  the  magnetron  is  from  30 
to  35  GHz.  The  frequency  of  the  magnetron  pulse  is  stable 
to  within  at  least  5  MHz,  However  the  frequency  shift 
induced  by  the  FEL  interaction  could  be  of  some  concern.  In 
the  FEL  used  in  the  tests  the  frequency  shift  is  measured  to 
be  16  MHz  with  5  MHz  scatter  in  the  Reversed  Field  regime 
[3].  The  bandwidth  of  the  HGA  is  greater  than  500  MHz. 
Thus  the  MIT’s  FEL  is  acceptable  for  the  purposes  of  the 
experiments  described  in  this  paper.  For  actual  acceleration 
however,  where  the  phase  stability  is  of  much  greater 
importance,  a  phase  stability  better  by  one  order  of 
magnitude  (less  than  1  MHz)  would  be  needed. 

The  32.98  GHz  disc-loaded  constant  gradient 
traveling-wave  accelerating  structure  was  built  as  prototype 
of  an  element  in  the  accelerating  line  of  the  two-beam 


CERN-CLIC  accelerator  [4,5].  It  is  a  27r/3  mode,  Vp  =c, 
constant  gradient  iris  disc-loaded  waveguide  structure.  It 
consists  of  26  cells,  each  of  3.029  mm  in  length  and  2 
coupler  cells  3.56  mm  long.  The  total  length  of  the  structure 
is  0.08587  m.  The  fill  time  of  the  structure  is  3.42  ns,  with  a 
group  velocity  of  0.083c.  The  two  side-couplers  are  at  right 
angles  to  the  axis  of  the  structure.  They  couple  the  power 
from  a  standard  WR-28  rectangular  waveguide  into  the 
desired  mode  of  the  structure.  The  high  vacuum  of  around 
lO  '^Torr  is  maintained  by  two  30  liters/sec  ion-pumps  and 
two  smaller  auxilliary  ion  pumps  with  pumping  speed  of  2 
liters/sec.  The  structure  was  designed  to  have  shunt 
impedance  of  116  MQ/m.  This  means  that  for  input  power 
level  of  60  MW  the  maximum  accelerating  gradients 
approximately  110  MV/m.  The  CERN-CLIC  structure  was 
designed  for  accelerating  gradients  of  approximately  80 
MV/m. 

II.  EXPERIMENTAL  RESULTS 

A.  High  Power  Testing 

With  use  of  crystal  detectors  and  variable 
attenuators  attached  to  the  ports  of  the  high  vacuum 
directional  couplers  it  was  possible  to  sample  the  time 
profile  of  a  radiation  pulse  input  into  the  HGA,  transmitted 
through  the  HGA,  and  reflected  back  by  the  HGA,  A  scan  in 
the  input  power  level  ranging  from  0.1  MW  to  about  35 
MW  was  t^en. 

At  low  powers  the  transmitted  pulse  resembled  the 
input  pulse  in  shape  and  the  percentage  difference  in  power 
magnitudes  was  equal  to  the  ‘cold’  attenuation  as  measured 
with  a  network  analyzer  (with  very  small  -1  mW  power 
levels).  As  the  power  levels  increased  (^-3  MW)  the 
transmitted  power  pulse  became  shorter  than  the  input 
power  pulse  in  time  duration.  The  early  part  of  the 
transmitted  power  pulse  still  resembled  the  input  pulse, 
while  the  transmitted  power  was  attenuated  stronger  and 
stronger  the  closer  it  approached  the  end  of  the  pulse.  The 
transmitted  power  ‘rolled  off  at  the  end  of  the  pulse.  At 
power  levels  from  20  MW  and  higher  the  transmitted  power 
pulse  shape  became  effectively  independent  of  the  input 
pulse  shape.  The  transmitted  pulse  peak  power  value  was  no 
longer  proportional  to  that  of  the  input  pulse.  With  the 
increase  of  the  input  power,  the  transmitted  power  pulse 
saturated  at  a  level  of  ~14  MW.  The  reflected  power  rose  to 
a  maximum  of  about  6  MW.  The  plot  of  the  FWHM  of  the 
transmitted  pulse  vs.  the  average  power  in  the  input  pulse  is 
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shown  in  Figure  1.  The  fraction  of  the  power  in  the  reflected 
pulse  would  be  expected  to  grow  as  the  input  power  level 
increased,  because  the  amount  of  the  input  power 
transmitted  through  the  HGA  was  seen  to  decrease  with 
increasing  input  power  levels.  It  turned  out  to  be  only  partly 
true.  Power  levels  of  the  reflected  pulse  agreed  with  the  cold 
test  results  when  the  input  power  level  was  small.  The 
reflected  power  did  grow  to  become  comparable  to  the  input 
power  at  high  input  power  levels.  But  this  growth  did  not 
fully  account  for  the  difference  in  energy  between  the  input 
and  transmitted  pulses.  A  representation  of  our  data  is  in 
terms  of  the  energy  in  the  pulse  obtained  by  integrating  the 
measured  power  over  the  respective  pulse  widths.  In  Figure 
1  we  present  the  dependence  of  the  transmitted  and  the 
reflected  energies  on  the  average  power  in  the  input  pulse. 
Note  that  at  high  input  energies  (corresponding  to  power 
levels  of  20  MW)  the  transmitted  and  reflected  energies 
together  account  for  only  a  half  of  the  input  energy.  This 
leads  to  the  conclusion  that  a  substantial  fraction  of  the 
radiation  energy  is  dissipated  inside  the  HGA. 


Figure  1 :  FWHM  of  the  transmitted  pulse  vs. 
average  input  power,  upper  graph.  Transmitted  vs. 
input  energy,  lower. 

B,X‘  RAY  and  Visible  Light  Measurements 


Both  light  and  X-ray  induced  photomultiplier 
signals  were  recorded  for  a  range  of  r.f.  input  powers  (0.1 
MW  to  30  MW)  from  the  FEL.  In  Figure  2  we  show  plots  of 
the  maximum  photomultiplier  voltage  from  light  and  X-ray 
vs.  average  r.f.  input  power.  Both  light  and  X-ray  generation 
starts  around  1  MW  of  input  power  and  continues  to  rise 
exponentially  with  input  power  thereafter.  To  demonstrate 
this  exponential  growth  we  present  the  photomultiplier 
voltage  plots  on  a  logarithmic  scale.  The  observed  growth  of 
both  X-ray  and  visible  light  intensities  begin  around  1  MW 
of  input  power  which  correlates  well  with  the  energy  plots 
of  Figure  1. 


Figure  2:  Light  and  X-ray  induced  photomultiplier 
signal  vs.  input  energy,  “log”  scale. 

C  Operating  at  Different  Frequency 

To  show  that  there  is  an  undesirable  process  in  the 
input  side  coupler  to  the  HGA  we  detune  the  FEL  off  the  0.5 
GHz  wide  transmission  band  of  the  HGA  to  a  new 
frequency  f=  33,682  GHz.  The  33.682  GHz  radiation 
couples  to  an  evanescent  mode  in  the  structure.  The  major 
portion  of  the  pulse  is  reflected,  with  only  about  10%  of  the 
incident  energy  is  transmitted  through  the  structure  at  this 
frequency.  Thus  the  electric  field  gradients  inside  the 
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structure  itself  are  now  much  smaller  than  those  in  the  input 
coupler.  If  the  coupler  causes  the  pulseshortening,  the  pulse 
shortening  should  be  seen  at  the  detuned  frequency.  Indeed, 
strong  pulse-shortening  was  observed  in  reflected  pulses. 
For  high  input  energies  -0.6  J  the  reflected  energy 
constitutes  only  20%  of  the  input  and  the  transmitted  energy 
accounts  for  maybe  another  2%.  A  large  fraction  of  the 
input  energy  is  thus  dissipated.  The  last  two  subsections 
have  shown  that  there  are  strong  indications  that  it  is  mainly 
in  the  input  coupler  that  the  pulse  shortening  takes  place. 

D.  Conditioning,  Feasibility  Test 

In  this  section  we  examine  if  the  performance  of 
the  HGA  improves  with  the  number  of  shots,  so  that  future 
conditioning  could  perhaps  eliminate  the  pulse  shortening. 
The  estimated  number  of  shots  required  for  conditioning 
varies  from  a  hundred  thousand  to  several  millions  [6].  It 
did  not  seem  possible  to  fully  condition  the  HGA  using  the 
existing  FEL  (for  it  produces  only  one  shot  every  two-three 
minutes  and  is  manually  operated).  It  is  noted,  however,  that 
the  rate  of  improvement  was  much  greater  during  the  first 
5,000-10,000  shots.  This  motivated  the  following  test  of  the 
feasibility  of  conditioning  in  our  HGA. 

A  power  scan  was  made  of  the  output  and  input 
pulses  with  the  input  power  level  ranging  from  0.1  to  30 
MW.  An  attempt  to  condition  the  structure  was  made  with 
some  800  shots  at  power  levels  gradually  increasing  from  3- 
5  MW  to  around  20  MW  were  taken.  The  power  scan  was 
then  repeated.  Figure  3  shows  plots  of  output  vs.  input 


0.0  0.1  0.2  0.3  0.4  0.5 

ENERGY  IN  INPUT  PULSE  (J) 

Figure  1:  Transmitted  vs.  input  energy.  Black  dots 
correspond  to  the  data  taken  before  800  conditioning 
shots,  hollow  dots  are  after  the  attempt  to  condition.. 

The  filled  circles  represent  the  data  taken  before 
conditioning,  the  hollow  -  after.  One  observes  a  definite 
improvement  in  transmission.  There  is  evidence  in  favor  of 
possibility  of  conditioning,  provided  a  high  enough  power 
and  repetition  rate  source  at  33  GHz  is  available. 


III.  CONCLUSIONS 

The  high  power  testing  of  a  33  GHz  HGA  yielded  the 
maximum  accelerating  gradient  of  65  MeV/m,  A  pulse¬ 
shortening  phenomenon  was  observed  for  power  levels  >3 
MW.  At  the  highest  power  level  the  output  pulse  length 
(about  5  ns)  was  about  one  quarter  of  the  input  pulse  length. 
Various  tests  suggest  that  these  undesirable  effects  occur  in 
the  input  coupler  to  the  HGA.  Light  and  X-ray  production 
inside  the  HGA  have  been  observed. 

A  study  of  feasibility  of  conditioning  (limited  by  the 
low  repetition  rate  of  our  FEL)  suggest  that  conditioning  is  a 
likely  candidate  for  improvement  of  the  HGA  power 
handling  performance. 
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DESIGN  OF  A  RELATIVISTIC  KLYSTRON  TWO-BEAM  ACCELERATOR 

PROTOTYPE* 

G.  Westenskow,  G.  Caporaso,  Y.  Chen,  and  T.  Houck,  Lawrence  Livermore  National  Laboratory, 
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A.  Sessler,  Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720  USA 


We  are  designing  an  experiment  to  study  physics, 
engineering,  and  costing  issues  of  an  extended  Relativistic 
Klystron  Two-Beam  Accelerator  (RK-TBA).  The  experi¬ 
ment  is  a  prototype  for  an  RK-TBA  based  microwave 
power  source  suitable  for  driving  a  1  TeV  linear  collider. 
Major  components  of  the  experiment  include  a  2,5-MV, 
1.5-kA  electron  source,  a  lL4-GHz  modulator,  a  bunch 
compressor,  and  a  8-m  extraction  section.  The  extraction 
section  will  be  comprised  of  4  traveling- wave  output 
structures,  each  generating  about  360  MW  of  rf  power. 
Induction  cells  will  be  used  in  the  extraction  section  to 
maintain  the  average  beam  energy  at  5  MeV.  Status  of  the 
design  is  presented. 

L  BACKGROUND 

Relativistic  klystron  two-beam  accelerator  [1]  research 
has  reached  a  point  where  we  are  ready  to  construct  and 
test  components  that  have  been  specifically  designed  for 
linear  collider  applications.  Our  planned  program  will  take 
advantage  of  recent  technical  advances  in  three  related 
areas:  the  experimental  program  in  relativistic  klystrons  at 
LLNL  [2],  a  preliminary  design  report  (PDR)  by  a  joint 
LBL-LLNL  team  on  the  RK-TBA  concept  as  a  power 
source  candidate  for  a  large  linear  collider,  and  the  devel¬ 
opment  of  related  technologies  in  heavy  ion  fusion  (HIF). 

First,  the  experimental  program  at  LLNL  has  provided 
a  firm  physics  base  for  the  key  RK-TBA  feasibility  issues 
of  rf  extraction,  reacceleration  of  a  modulated  beam,  and 
suppression  of  transverse  instabilities.  Power  conversion 
from  electron  beams  to  rf  at  11.4  GHz  has  been  demon¬ 
strated  at  the  hundreds  of  megawatts  level,  and  the  phase 
and  amplitude  shown  to  be  stable  over  a  substantial  portion 
of  the  beam  pulse.  The  relationship  between  rf  stability  and 
energy  flatness  of  the  drive  beam  is  well  understood. 
Reacceleration  experiments  at  ATA  have  successfully 
demonstrated  the  transport  of  a  bunched  beam  through 
three  rf  extraction  structures  and  two  intervening  induction 
cells.  The  critical  issue  of  transverse  instability  was 
addressed  experimentally,  higher  order  mode  damping 

*The  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  contract  W-7405-ENG-48  and  Lawrence 
Berkeley  Laboratory  under  contract  AC03-76SF00098. 


techniques  were  demonstrated,  and  detailed  comparisons 
with  simulations  were  made.  Overall,  these  experiments 
demonstrate  the  feasibility  of  the  TBA  concept,  and  add 
confidence  to  the  predictive  power  of  the  computer  codes. 

Secondly,  the  RK-TBA  PDR  [3]  investigated  an  rf 
power  source  for  the  NLC  linear  collider.  This  design 
would  provide  the  rf  power  requirements  for  a  1-TeV 
collider  using  the  NLC  accelerating  structures.  A  bottom- 
up  cost  estimate  shows  that  providing  the  rf  power  for  the 
1-TeV  NLC  with  technology  based  on  this  design  could  be 
cost  competitive  with  conventional  klystrons  using  pulse 
compression.  Our  estimate  of  the  conversion  efficiency  of 
wall  plug  energy  to  rf  energy  is  40%.  Theory  and 
simulations  show  acceptable  drive  beam  stability  over  the 
relativistic  klystron,  and  no  insurmountable  technological 
issues  were  uncovered. 

Thirdly,  the  new  RK-TBA  design  borrows  heavily 
from  ongoing  HIF  technology  development  [4].  Recent 
advances  in  that  field  have  direct  impact  on  the  technical 
feasibility  of  our  design.  Metglas™  cores,  permanent 
magnet  quadrupoles,  and  low-voltage  pulsed  power 
systems  are  important  features  of  the  induction  accelerators 
used  in  both  areas. 

11.  Proposed  Layout  of  the  Experiment 

The  rf  power  source  described  in  the  PDR  consists  of 
50  units,  each  about  340  m  in  length.  The  cost  of  building 
even  one  unit  for  developmental  studies  is  prohibitive. 
Instead,  we  propose  to  build  a  smaller  (29  m)  prototype 
unit  to  validate  the  required  physics  and  engineering 
technologies.  To  be  compatible  with  the  rf  parameters  for 
the  NLC,  we  need  to  produce  1 1.4-GHz  rf  power  that  has  a 
200-ns  flat  top  with  good  phase  and  amplitude  stability,  A 
schematic  of  the  beamline  for  the  prototype  is  shown  in 
Fig.  1.  The  experiment  will  be  housed  in  the  existing 
shielded  vault  area  of  Building  58  at  LBL. 

a.  Injector/Accelerator 

The  SNOWTRON  injector,  used  in  early  relativistic 
klystron  experiments  [5],  will  be  modified  for  use  as  the 
electron  source.  The  SNOWTRON  was  a  linear  induction 
injector  comprised  of  twelve  150-kV  induction  cells.  It  has 
a  triode  electrode  configuration  with  a  stalk  mounted  12.5- 
cm  diameter  dispenser  cathode.  Modifications  will  include 
replacing  the  ferrite  induction  cores  with  Metglas™  cores 
to  increase  the  pulse  length,  and  a  new  electrode  package  to 
minimize  emittance.  The  injector  will  be  operated  at  about 
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Figure  1.  Schematic  of  the  beamline  for  the  RK-TB  A  Prototype  experiment. 


1  MV.  Approximately  15  Experimental  Test  Accelerator 
(ETA)  [6]  induction  cells  will  be  used  to  accelerate  the 
beam  to  2.5  MeV  prior  to  the  modulator.  The  ETA  cells 
will  also  have  their  ferrite  cores  replaced  with  Metglas™ 
cores. 

The  primary  design  issue  remaining  to  be  resolved  is 
the  generation  of  the  desired  current  profile  with  suitable 
energy  flatness.  The  goal  is  to  linearly  increase  the  current 
from  0  to  1.5  kA  over  the  first  100  ns  and  then  maintain  a 
constant  1.5  kA  for  another  100  ns.  The  energy  profile  of 
the  beam  exiting  the  injector  can  be  corrected  to  a  certain 
extent  in  the  accelerator.  However,  the  energy  variation 
over  the  entire  pulse  must  be  less  than  1%  as  the  beam 
enters  the  modulator.  Other  solutions  being  studied  include 
gated  cathodes,  ferroelectric  cathodes,  and  photocathodes. 

b.  Modulator 

The  Choppertron  modulator  [7]  will  be  refurbished 
close  to  its  original  design,  A  schematic  of  the  modulator  is 
shown  in  Fig.  2.  The  modulator  operates  by  deflecting  the 
beam  in  the  horizontal  plane  with  a  5.712  GHz  TMno 
cavity.  This  causes  the  Bz  immersed  beam  to  describe 
semi-helical  trajectories  along  the  Xp/4  drift,  and  to  scan  in 
the  vertical  plane  across  an  on-axis  aperture  of  a 
water-cooled  collimator.  Emittance  growth  can  be 
minimized  by  matching  the  Bz  field  to  the  energy, 
diameter,  and  emittance  of  the  beam.  The  maximum 
transverse  deflection  of  the  beam  at  the  aperture  detemunes 
the  harmonic  content  of  the  modulated  beam.  To  lessen  the 
impact  of  modulation  on  overall  system  efficiency,  the 
11.4  GHz  component  will  not  be  optimized.  The  bunch 
length  will  extend  over  about  240°  of  longitudinal  phase 
space  at  the  exit  of  the  modulator. 


c.  Adiabatic  Capture  Section 

The  Adiabatic  Capture  Section  will  be  comprised  of 
four  2-m  units  similar  to  those  in  the  Extraction  Section. 
The  modulated  beam  will  be  compressed  in  longitudinal 
phase  space  (240°  =>  107°)  and  accelerated  to  5  MeV. 
Figure  3  shows  simulation  results  of  how  the  phase  space 
and  energy  of  the  beam  is  changed  in  this  section.  Each 
unit  will  have  six  induction  cells  and  one  “idler”  cavity. 
The  “idler”  cavity  design  is  based  on  the  traveling-wave 
output  structure  studied  in  the  PDR,  but  without  the 
extraction  ports. 

The  compact,  efficient  induction  cells  described  in  the 
PDR  are  used  in  both  the  Adiabatic  Capture  and  Extraction 
Sections.  A  drawing  of  one  of  these  cells  is  shown  in 
Fig.  4.  Features  of  the  cell  that  contribute  to  its  high 
efficiency  are  the  small  inner  diameter  of  the  Metglas™ 
cores  and  periodic  permanent  quadrupole  magnets.  Each  of 
the  five  cores  in  a  cell  will  be  pulsed  at  20  kV  producing 
100  kV  across  the  gap.  This  arrangement  permits  the  use  of 
a  low-voltage,  thyratron  switched,  pulsed  power  system 
with  no  high-voltage  step-up  transformers. 

d.  Extraction  Section 

The  Extraction  Section  will  consist  of  four  of  the  2-m 
units  shown  in  Fig.  6.  About  360  MW  will  be  extracted  in 
each  unit  using  a  traveling-wave  structure  like  that  shown 
in  Fig.  5.  The  output  structures  used  for  the  prototype  will 
vary  somewhat  from  the  PDR  structures  to  compensate  for 
differences  in  rf  current  between  the  two  designs.  Features 
of  the  output  structures  include  two  coupling  ports, 
relatively  large  aperture,  and  a  short  rf  cutoff  section.  The 
energy  extracted  from  the  beam  is  restored  by  the  six 
induction  cells  in  the  unit. 


Figure  3.  Simulation  of  Adiabatic  Capture  and  Extraction. 
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Figure  4.  Drawing  of  the  compact  induction  cell. 
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Figure  5.  Drawing  of  traveling-wave  output  structure. 
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Figure  6.  A  2-meter  unit  of  the  Extraction  Section. 


III.  PROGRAM  OBJECTIVES 

The  overall  objective  of  the  prototype  is  to  validate  the 
PDR  findings  related  to  cost,  efficiency,  and  feasibility, 
and  provide  a  technological  base  for  a  practical  power 
source  for  large  linear  colliders.  Specific  objectives  are: 

1.  Validate  cost  and  efficiency  projections.  Our  design  is 
very  modular  in  terms  of  the  machine  architecture  and  the 
associated  pulsed  power.  The  prototype  uses  several  2-m 
modules  described  in  the  PDR  for  a  full-scale  RK-TBA. 
Our  experiments  will  allow  us  to  verify  the  pulsed  power 
system  efficiency.  As  the  prototype  involves  substantial 
R&D,  we  do  not  expect  construction  costs  to  be  representa¬ 
tive  of  a  RK-TBA  employing  mass  production  techniques. 
But,  we  do  expect  to  gain  the  engineering  experience 
required  for  accurate  cost  projections  of  a  full  scale  system. 

2.  Demonstrate  technological  feasibility.  Technology  of 
individual  components  is  well  known,  and  the  PDR  found 
no  pathology,  but  an  actual  integrated  system  needs  to  be 
demonstrated.  The  prototype  will  constitute  the  first  of 
these  new,  long,  compact  induction  accelerators. 

3.  Progress  towards  demonstrating  beam  stability.  Key 
beam  dynamic  processes  will  not  be  fully  exhibited  in  the 
relatively  short  prototype.  Nevertheless,  impedances  of  the 
rf  and  induction  cells,  and  beam  response  characteristics 
can  be  determined.  The  fundamental  concepts  of  the 


"Betatron  Node  Scheme"  [8]  for  suppressing  transverse 
instabilities  and  inductively  detuned  traveling-wave  struc¬ 
tures  for  longitudinal  stability  can  be  measured.  We  expect 
to  gain  a  sufficient  experimental  base  for  code  validation. 

4.  Production  of  high  quality  rf  power  at  1 1.4  GHz.  The 
rf  extraction  structures  described  in  the  PDR  are  required  to 
generate  a  peak  power  of  360  MW  with  good  phase  and 
amplitude  stability  over  200  ns.  The  objective  of  our 
experiment  is  to  produce  this  level  of  quality  power  from 
each  of  the  four  rf  extraction  structures  in  the  prototype. 
The  pulse  length  for  the  prototype  will  be  set  by  the 
performance  of  the  modified  SNOWTRON  injector,  but  is 
expected  to  be  approximately  200  ns. 
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Preliminary  studies  of  beam  dynamics  in  a  relativistic 
klystron  were  done  to  support  a  design  study  for  a  1  TeV 
relativistic  klystron  two-beam  accelerator  (RK-TBA), 
11.424  GHz  microwave  power  source.  This  paper  updates 
those  studies.  An  induction  accelerator  beam  is  modulated, 
accelerated  to  10  MeV,  and  injected  into  the  RK  with  a  rf 
current  of  about  1 .2  kA.  The  main  portion  of  the  RK  is  the 
300-m  long  extraction  section  comprised  of  150  traveling- 
wave  output  structures  and  900  induction  accelerator  cells. 
A  periodic  system  of  permanent  quadrupole  magnets  is 
used  for  focusing.  One  and  two  dimensional  numerical 
studies  of  beam  modulation,  injection  into  the  main  RK, 
transport  and  longitudinal  equilibrium  are  presented. 
Transverse  beam  instability  studies  including  Landau 
damping  and  the  “Betatron  Node  Scheme”  are  presented. 

L  BACKGROUND 

A  preliminary  design  report  (PDR)  by  a  joint  LBL- 
LLNL  team  investigated  an  rf  power  source  for  the  NLC 
linear  collider.  [1]  This  design  promises  to  be  competitive 
both  in  cost  and  total  efficiency  with  systems  based  on 
conventional  klystrons  using  pulse  compression.  However, 
it  will  be  necessary  to  transport  the  modulated  induction 
beam  through  a  300-m  relativistic  klystron  to  achieve  the 
high  efficiency.  Thus,  an  important  part  of  the  PDR  studies 
was  simulating  the  motion  of  the  beam.  Two  codes 
developed  at  LLNL  were  used  for  these  simulations:  RKS2 
Code  [2]  is  a  2-1/2  D  PIC  code  with  a  coupled  cavity 
circuit  model  used  to  simulate  the  interaction  of  the  beam 
with  the  operating  field,  TMqi  mode,  while  OMICE  [3]  is  a 
slice  code  with  a  coupled  cavity  circuit  model  used  to 
simulate  the  transverse  dynamics  of  the  beam  interacting 
with  a  dominant  dipole  mode. 

11.  LONGITUDINAL  DYNAMICS 

The  longitudinally  dynamics  that  is  acceptable  for  an 
extended  RK  can  be  achieved  in  the  following  way: 

(1)  In  the  main  RK  section  the  rf  output  cavities  are 
inductively  detuned  (Le  the  phase  velocity,  of  the  3-cell 
traveling-wave  structures  (TWSs)  is  made  faster  than  the 

*The  work  was  performed  under  the  auspices  of  the  U.S.. 
Department  of  Energy  by  Lawrence  Berkeley  Laboratory 
under  contract  AC03-76SF00098  and  Lawrence  Livermore 
National  Laboratory  under  contract  W-7405-ENG-48. 
t  Visiting  scholar  from  the  University  of  Milano,  Italy. 


Figure  1.  Power  extraction  from  150-cavities  in  an 
extended  RK:  (a)  with  inductive  detuning  (Vph  =  l>33c)\ 
(b)  no  detuning  (Vph=  LOc). 


velocity  of  the  particles)  to  counter  the  debunching  effects 
caused  by  space-charge  and  rf-induced  energy  spread.  In 
this  scheme  the  particle  bunch  lags  behind  the  decelerating 
crest  of  the  wave,  with  the  particles  at  the  bunch  tail  losing 
the  least  energy.  Kinematics  lead  to  a  'catching  up’ 
mechanism  and  subsequent  synchrotron  oscillation  in 
stable  rf  buckets.  The  RKS  simulations  show  stable 
propagation  through  150  cavities  (Figure  1).  For 
comparison,  cavities  with  no  inductive  detuning  are  shown 
to  result  in  particle  debunching  after  a  few  cavities. 

(2)  Before  the  main  RK  there  is  a  chopper  section  and 
an  'adiabatic  capture’  section,  which  serve  to  modulate  an 
initial  DC  beam  into  a  train  of  tight  bunches.  These  have 
the  desired  properties  for  beam  transport  and  power 
extraction  in  the  main  RK.  The  chopper,  based  on  the 
original  Choppertron  [4],  should  generate  cleanly  separated 
microbunches  at  11.4  GHz  with  the  length  of  the  bunches 
equivalent  to  about  240°  in  longitudinal  phase  space.  In  the 
'adiabatic  capture’  region,  the  microbunch  lengths  are 
further  reduced  by  a  number  of  (highly  inductive)  idler 
cavities,  to  70°  [1]  which  is  the  desired  bunch  length  for  the 
main  RK.  In  addition  to  microbunch  sharpening,  this 
section  also  serves  to  provide  the  energy  transition  from  2.5 
to  10  MeV  [1]  with  the  beam  continuously  accelerated  by 
the  induction  machine  between  the  bunching  cavities. 

(3)  At  the  end  of  the  RK  is  an  ’afterburner’  section 
which  is  to  increase  overall  system  efficiency  by  extracting 
more  power  out  of  the  still  bunched  beam  that  exits  the 
main  RK  (without  reaccelerating  it).  The  spacing  and  the 
impedances  of  the  extraction  cavities  in  this  section  are 
varied  to  compensate  the  continuous  decline  of  the  average 
energy  of  the  beam  as  well  as  changes  in  the  rf  bucket. 
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IIL  TRANSVERSE  DYNAMICS 


The  primary  issue  for  transverse  dynamics  is  beam 
breakup  (BBU)  caused  by  the  excitation  of  higher  order 
modes  in  beam  line  structures.  The  PDR  identified  two 
components  as  sources  of  BBU.  The  first  is  the  900 
induction  cells  in  the  RK  with  a  trapped  resonant  mode 
near  4  GHz.  A  highly  damped,  conventional  cell  design 
described  in  the  PDR  has  a  transverse  impedance  less  than 
4  kf2/m.  This  value  is  acceptably  low,  with  Landau 
damping  from  the  predicted  energy  spread,  to  avoid  BBU. 

The  output  structures  are  a  greater  difficulty.  The 
“Betatron  Node  Scheme,”  that  relies  on  the  RK’s  strong 
periodic  quadrupole  focusing,  is  used  to  suppress  BBU. 
The  technique  is  described  in  the  following  example:  A 
monoenergetic  beam  describes  a  betatron  oscillation  under 
the  influence  of  a  periodic  focusing  system.  Passing 
through  a  series  of  thin  cavities,  the  transverse  position  of 
individual  electrons  is  unchanged.  However,  the  transverse 
momentum  increases  by  Ap^  =  Rx,  where  R  is  an  integral 
operator.  The  position  and  momentum  from  the  exit  of  one 
cavity  to  the  next  is  related  through  the  following  matrix 
transformation. 


(M- 

Vpx  In 


^  '  C0{3  "  ^ 

-cop  sin(0)  cos(0) 


The  first  matrix  represents  the  momentum  change,  and  the 
second  describes  the  betatron  motion.  If  the  phase  advance, 
0,  is  2n  between  all  cavities,  the  position  and  momentum  at 
the  n^^  cavity  can  be  related  to  the  initial  conditions: 

(M  ^  ^r(M=[  ^  ^  1(M*  (2) 

\px  /n  L  R  1  J  I  J  \px  /o 

Equation  (2)  indicates  that  the  growth  in  the  transverse 
momentum,  and,  therefore,  the  maximum  displacement, 
increases  linearly  with  the  number  of  cavities.  For  6  not 
equal  to  an  integral  multiple  of  tt,  the  growth  can  be 
exponential  with  the  number  of  cavities  [5].  While  our 
design  has  a  periodic  structure,  strong  ppm  focusing,  and  a 
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Figure  2.  Simulation  showing  the  effect  of  Eave  variation. 
The  insert  shows  the  Eave  profile  over  the  pulse. 


constant  average  beam  energy,  there  will  be  energy  spread, 
variation  in  average  energy,  errors  in  the  focusing  system, 
and  extended  cavities.  Numerical  studies  were  performed 
to  determine  tolerances  for  realistic  conditions.  Using 
reasonable  design  parameters  [6],  errors  of  ±  1.5  %  in  the 
magnetic  focusing  and/or  average  energy  are  acceptable.  In 
Fig.  2  the  result  of  one  of  these  studies  is  shown. 

IV.  RADIAL  DEFOCUSING 

2D  numerical  simulations  carried  out  with  the  RKS2 
code  have  shown  that  when  the  phase  velocity,  Vp^,  of  the 
operating  mode  (TMqi)  in  a  TWS  extraction  cavity  is 
different  from  the  speed  of  light  (detuned  cavity)  the  beam 
experiences  a  radial  kick  from  the  field  much  larger  than 
the  case  when  Vph  is  equal  to  c  (non-detuned  cavity).  The 
radial  kick  is  significantly  larger  than  what  is  predicted  by 
the  Panof sky- Wenzel  (P-W)  theorem  [7]  for  a  closed 
cavity.  The  radial  kick,  if  true  and  uncompensated,  will 
cause  the  loss  of  the  beam  as  it  traverses  the  extended  RK, 
as  shown  in  Figure  3.  Preliminary  analytical  and  numerical 
studies  have  been  performed  in  order  to  identify  and 
understand  the  source(s)  of  the  above  discrepency.  Two 
questions  need  to  be  answered:  (1)  How  reliable  the 
simulation  results  are;  and  (2)  How  good  the  resonant 
cavity  model,  which  the  RKS2  code  is  based  upon  is  in 
describing  the  radial  focusing  force. 

In  developing  the  analytical  model,  we  assumed  a 
single  dominant  traveling- wave  mode  (TMqi)  in  a 
cylindrically  symmetric  cavity.  Then,  using  the  impedance 
of  the  mode,  it  can  be  shown  that  the  radial  force  acting  on 
an  electron  traveling  in  a  cavity  is  (e/2'f)Eriox  a  non- 
detuned  cavity  and  e(l-Vpf/c)Er  for  a  detuned  cavity 
(where  Er  is  the  radial  electric  field  and  y  is  the  relativistic 
factor).  This  indicates  immediately  that  the  radial  force 
increases  by  two  order  of  magnitude  when  the  cavity  is 
detuned  as  compared  to  the  synchronism  case  (In  our 
present  RK  design,  y=20.6  and  l7-Vp//cl  »  0.5). 

The  corresponding  radial  momentum  change  of  the 
particle  can  be  calculated  in  a  first  order  approximation  by 
integrating  the  force  over  the  length  of  the  cavity,  assuming 
that  the  electron's  trajectory  in  the  cavity  is  not  affected  by 
the  field.  For  the  case  where  Vp^  c  the  formula  is  given  as 
the  following 


where  (j)  is  the  phase  advance  of  the  wave  field  per  cell,  ^  is 
the  amplitude  of  the  electric  field  on  axis,  x  is  the 
transverse  position  of  the  electron  with  respect  to  the  axis 
and  CO  is  the  phase  of  the  electron  at  the  entrance  of  the 
cavity  with  respect  to  the  field. 
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Figure  3  Beam  envelopes  in  a  2~m  reacceleration  section 
after  inductively  detun^  and  non-detuned  cavities. 

From  eq.  (3)  we  can  see  that  the  increase  of  the  radial 
momentum  of  the  electron  due  to  the  wave  field  has  the 
following  features:  i)  a  sinusoidal  dependence  on  the 
detuning  of  the  cavity  (measured  by  Vph  and  0);  ii)  a 
sinusoidal  dependence  on  the  longitudinal  position  of  the 
electron  in  the  bunch  iii)  a  linear  increase  with  the 
distance  of  the  particle  from  the  axis. 

The  above  observations  agree  with  the  numerical 
results  from  RKS2  to  within  10%  (as  shown  in  Figure  4). 

The  resonant  cavity  model  the  RKS2  code  based  on 
has  been  used  rather  successfully  for  power  balance  for 
TMqi  and  BBU  study  for  a  dominant  dipole  mode. 
However,  the  validity  of  the  model  for  the  radial  focusing 
force  of  the  field  has  never  been  tested. 

V.  CONCLUSIONS 

We  have  demonstrated  in  1-D  numerical  studies  the 
modulation  and  transport  of  the  induction  beam  through  the 
RK.  Approximately  360  MW  of  rf  (11.424  GHz)  power 
was  generated  in  each  of  150  output  structures. 
Longitudinal  stability  was  accomplished  by  detuning  the 
traveling- wave  output  structures  to  compensate  for  space 
charge  effects  and  energy  spread.  Transverse  stability 
required  damping  of  higher  order  modes  in  resonant 
structures,  Landau  damping,  and  the  “Betatron  Node 
Scheme.” 

2-D  numerical  studies  are  required  to  study  issues 
related  to  beam  emittance,  transverse  space  charge,  and 
radial  focusing.  Initial  2-D  studies  show  that  the  beam 
experiences  a  large  radial  momentum  change  during  transit 
of  the  detuned  output  structures,  which  does  not  agree  with 
the  P-W  theorem.  Additional  analytical  and  numerical 
studies  tend  to  suggest  that  the  discrepency  could  be  caused 
by  the  less  rigorous  treatment  in  the  RKS2  code  of  the 
boundary  condition  that  affect  the  transverse  dynamics.  So, 
the  effect  might  not  be  as  serious  as  the  code  predict.  But, 


Figure  4.  Normalized  transverse  phase  space  vs.  phase  after 
one  inductively  detuned  cavity  (Vph  -  1.33c),  analytical  and 
numerical  results. 

if  it  is,  there  are  available  several  compensating  schemes 
which  can  be  explored: 

1)  Use  exterior  cavities  that  are  coupled  to  the  detuned 
TWSs  to  compensate  the  radial  defocusing; 

2)  Use  non-detuned  TWSs  as  extraction  cavities  with 
the  longitudinal  bunching  being  provided  by  idler  cavities 
positioned  before  and  after  each  of  the  TWS. 
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ABSTRACT 

Ultra-high  gradient  radio  frequency  linacs  require 
efficient  and  reliable  power  sources.  The  induction  linac 
has  proven  to  be  a  reliable  source  of  low  energy,  high 
current  and  high  brightness  electron  beams.  The  low 
energy  beam  is  bunched,  transported  through  resonant 
transfer  cavities  in  which  it  radiates  microwave  energy 
that  is  coupled  to  an  adjacent  high  energy  accelerator. 
The  low  energy  beam  is  maintained  at  a  constant  energy 
by  periodic  induction  accelerator  cells.  This  paper 
describes  the  engineering  aspects  of  the  induction 
accelerator  based  relativistic  klystron.  The  physics  issues 
are  covered  in  another  paper  at  this  conference. 

INTRODUCTION 

During  the  past  decade,  several  rf  power  sources  using 
relativistic  Klystrons  have  been  tested  for  driving  high 
gradient  accelerators.  In  order  for  these  power  sources  to 
be  competitive  with  the  conventional  Klystrons,  they  must 
be  capable  of  producing  equivalent  peak  power  levels, 
reliably,  economically  and  efficiently.  At  first  glance,  it 
would  seem  that  building  low  gradient,  high  current 
accelerator  in  order  to  drive  another  would  be  a  more 
complex  and  costly  proposition.  Experiments  in 
generating  a  relativistic  electron  beams  and  extracting  the 
energy  by  passing  it  through  cavities  have  shown  that  very 
high  peak  RF  levels  can  be  efficiently  generated.  The 
practicality  of  such  a  method  is  determined  in  part  by  the 
system  which  generates  and  drives  the  relativistic  electron 
beam.  The  paper  addresses  the  engineering  issues 
associated  with  building  an  efficient  and  reliable  electron 
accelerator  where  the  energy  is  extracted  periodically 
after  re-acceleration.  The  physics  design  and  the  beam 
dynamics  are  covered  elsewhere  at  this  conference. 

INDUCTION  ACCELERATOR 

The  induction  accelerator  has  provided  a  reliable  and 
efficient  way  to  accelerate  high  current  beams.  Currents 
from  hundreds  of  amperes  to  many  kiloamperes  have  been 
accelerated  to  many  tens  of  MeV’s.  They  are  capable  of 
producing  beam  pulses  from  tens  of  nanoseconds  to 
microseconds  in  duration  at  kilohertz  repetition  rates.  Fig. 
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1  shows  the  equivalent  circuit  of  an  induction  accelerator 
cell.  Ic  is  the  magnetizing  current  required  to  drive  the 

core,  Ib  is  the  beam  current,  and  I^  is  any  compensating 
network  current. 
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Fig.  1 


The  efficiency  of  an  induction  accelerator  can 
approach  100%  if  the  beam  current  is  much  greater  than 
the  current  required  to  magnetize  the  transmission  line 
transformer  (or  autotransformer)  which  forms  the  induction 
cell.  For  example,  the  advanced  test  accelerator  (AT A) 
induction  cell  required  less  than  1  kA  of  magnetizing 
current  while  it  accelerated  a  10  kA  beam  for  70  ns. 

The  efficiency  of  the  TEA  accelerator  will 
depend  on  a  number  of  factors.  Beam  transport  dynamics 
will  determine  the  size  of  the  beam  pipe  and  the 
accelerating  gradient.  The  output  power  requirement  will 
determine  the  pulse  duration,  beam  current  and  repetition 
rate.  Once  these  factors  are  established,  then  the 
induction  cell  outer  diameter  and  drive  will  be  determined 
once  the  optimum  magnetic  material  has  been  selected. 
For  accelerators  with  pulse  duration  less  than  100  ns,  Ni- 
Zn  ferrites  have  been  used  as  the  magnetic  material  for 
the  induction  cell.  For  pulse  duration  in  the  several 
hundred  nanoseconds  to  several  microseconds,  magnetic 
materials  such  as  Ni-Fe  and  Metglas^  have  been  used. 
The  optimum  choice  of  material  for  the  TBA,  which 
requires  a  pulse  of  300  ns  duration,  is  established  by  the 
material’s  losses  and  the  economics  for  achieving  the 
desired  pulse.  From  Fig.  2,  one  can  see  that  the  saturation 
losses  for  the  ferrites  are  about  one  fifth  the  losses  of 
nickel-iron  or  Metglas.  However,  the  ferrites  have  a  flux 


^Metglas  is  a  trade  name  of  Allied-Signal 
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swing  which  is  about  one  fifth  that  of  the  Metglas.  This,  of 
course,  requires  a  cross-sectional  area  of  material  which  is 
five  times  larger.  As  previously  discussed,  the  inner  radius 
and  the  length  of  cells  (gradient)  is  fixed  by  the  physics 
requirements,  hence,  the  only  way  to  increase  the  area  of 
the  core  is  to  increase  the  outer  radius.  Since  the  volume 
of  material  increases  nearly  as  the  radius  squared,  smaller, 
more  efficient  and  lower  cost  induction  cells  are  obtained 


Fig.  2  Losses  of  ferri  and  ferro-magnetic  materials  at 
different  saturation  times 


Elise  Small  Core  -  2605  SC 
22"ID  32.0"  OD  2"Wide 


Fig.  3  Voltage,  Current,  Power  and  Energy  Loss  for 
Metglas  2605 SC  unannealed 

by  using  the  higher  delta  B  materials.  Presently,  the  most 
cost-effective  material  for  the  TEA  is  the  Metglas  alloy 
2605SC.  This  ferromagnetic  material  comes  in  ribbon 
form  20  \xm  thick  and  is  wound  into  cores  with  an 
insulating  layer  of  mylar  2.5  pm  thick.  Fig.  3  shows  the 
voltage,  current,  peak  power,  and  joules  required  to  drive 
a  large  (1  m  OD)  core  for  heavy  ion  fusion.  Fig.  4,  shows 
the  B-H  characteristics  for  that  core  which  is  unannealed 
or  as  cast.  Since  the  rates  of  magnetization  (dB/dt)  are 
higher  for  the  TBA  application,  the  losses  will  be  about 
900  J/m^.  Fig.  5  shows  a  complete  block  diagram  of  the 
drive  system  and  the  cross-section  of  six  induction 
modules  consisting  of  five  cells  each  generating  20  kV  or 
a  total  of  100  kV  for  the  high  current  low  energy  beam. 
Three  of  these  modules  will  generate  the  required  300 
kV/m  acceleration  gradient.  At  a  repetition  rate  of  120 
Hz,  about  3.24  kW  will  be  dissipated  in  each  100  kV 


module.  This  will  require  active  cooling  to  the  five  cells 
to  maintain  an  acceptable  temperature  rise. 


B(T)  vs.  SMALL  CORE  RESET  lOKV 
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Fig.  5  Two  meter  section  of  the  low  energy  induction 
accelerator  with  all  power  conditioning  system 

POWER  CONDITIONING 


The  most  reliable  power  conditioning  system  at  high 
repetition  rates  (kHz)  and  short  pulses  is  the  nonlinear 
magnetic  pulse  compression  modulator.  This 
system  has  been  used  in  a  number  of  laser  and  induction 
accelerator  drivers.  Solid  state  devices  are  typically  used 
to  initiate  the  pulse  compression  cycle  and  a  combination 
of  step-up  and  pulse  compression  stages  can  generate 
practically  any  voltage  and  pulse  duration  with  unlimited 
life. 

For  application  where  the  repetition  rate  is  not  high 
(120  Hz)  and  the  rate  of  rise  in  current  is  not  too 
demanding,  a  simple  thyratron  driven  modulator  offers 
acceptable  reliability  with  simpler  design  and  at  a  lower 
cost.  The  modularity  of  the  induction  cell  offers  several 
options  in  the  voltage  and  current  drive  to  achieve  100  kV. 
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In  this  case,  we  have  chosen  to  drive  each  of  the  five 
cores  with  20  kV  inducing  a  total  voltage  across  the  cell 
of  100  kV.  Driving  at  this  voltage  level  avoids  any  step-up 


Fig.  6  Simplified  schematic  of  line  modulator.  The 
tapered  impedance  PFN  will  have  the  same  temporal 
impedance  as  the  nonlinear  magnetic  core  of  the  induction 

cells. 


Fig.  7  The  command  resonant  charging  (CRC)  system 
charges  six  modulators  and  also  resets  the  induction 
accelerator  cores. 

transformers  and  can  be  generated  directly  by  a  thyratron 
with  40  kV  charging  voltage  on  the  pulse  forming  network 
(PFN).  As  shown  in  Fig.  3,  the  current  drive  to  the  cores 
is  somewhat  nonlinear,  but  a  constant  amplitude  pulse  can 
be  generated,  within  bounds,  simply  by  tapering  the 
impedance  of  the  PFN  stages.  The  PFN  will  consist  of 
many  coupled  L-C  stages  each  with  impedance  which 
temporally  matches  the  impedance  of  the  induction  core. 
This  tapered  impedance  PFN  is  resonantly  charged  to 
twice  the  output  voltage  required.  From  Fig.  7,  one  can 
see  that  the  PFN  charging  current  flows  through  the 
induction  core,  thus  resetting  the  core  to  ready  for  the 

next  acceleration  cycle. 

COOLING  OF  INDUCTION  CORES 

Each  100  kV  induction  module  will  dissipate  about 
1500  watts  at  120  Hertz.  Each  magnetic  core  will  be 
supported  by  a  mandrel  with  voltage  feeds  on  each  side  of 
the  core  which  allow  for  cooling  channels.  Each  core 


dissipates  300  watts  and  this  heat  is  removed  by 
circulating  oil  which  also  acts  as  a  high  voltage  insulator 
at  the  acceleration  gap.  Further  studies  are  required,  but  it 


Fig.  8  Elevation  view  of  the  RK-TBA  accelerator. 

may  be  feasible  to  use  sulfur  hexafluoride  under  pressure 
to  insulate  and  remove  the  1500  watts  dissipated  in  the 
cores. 


CONCLUSION 

A  simple  power  conditioning  system  has  been 
conceptualized  for  drivingnduction  cells  at  a  relatively 
high  efficiency.  The  power  conditioning  system  is  based 
on  previous  experience  which  incorporates  conservative 
thyratron  line  modulators  without  nonlinear  magnetic  pulse 
compression  or  step-up  transformers.  It  is  expected  that  at 
120  Hz,  the  thyratron  will  offer  acceptable  reliability 
which  is  comparable  to  the  life  of  a  Klystron  driven 
system.  This  conceptual  design  will  be  prototyped  over 
the  next  several  months  to  confirm  our  studies. 
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ABSTRACT 

An  inductively  detuned  traveling  wave  cavity  for 
the  Relativistic  Klystron  Two  Beam  Accelerator 
expected  to  extract  high  RF  power  at  11.424  GHz  for 
the  1  TeV  Center  of  Mass  Next  Linear  Collider  has  been 
designed.  Longitudinal  beam  dynamics  studies  led  to  the 
following  requirements  on  cavity  design: 

a)  Extraction  of  360  MW  of  RF  power  with  RF 
component  of  the  current  being  1.15  kAmps  at  1 1 .424 
GHz, 

b)  Inductively  detuned  traveling  wave  cavity  with 
wave  phase  velocity  equal  to  4/3  the  speed  of  light, 

c)  Output  cavity  with  appropriate  Qext  and 
eigenfrequency  for  proper  matching. 

Furthermore,  transverse  beam  dynamics  require  low 
shunt  impedances  to  avoid  the  beam  break-up 
instability.  We  describe  the  design  effort  to  meet  these 
criteria  based  on  frequency-domain  and  time-domain 
computations  using  2D-  and  3D-  electromagnetic  codes. 

I.  INTRODUCTION 

An  LBL-LLNL  team  has  presented  recently  a 
preliminary  point  design  for  an  11.424  GHz  power 
source  for  a  1  TeV  Center  of  Mass  Next  Linear  Collider 
(NLC)  based  on  the  Relativistic-Klystron  Two-Beam- 
Accelerator  (RK-TBA)  concept  [1]. 

The  point  design  requires  that  the  bunched  drive 
beam  delivers  360  MW  of  rf  power  with  an  rf  current  of 
1.15  kA  (600  A  DC)  at  11.424  GHz  in  each  of  the  150  rf 
extraction  cavities  in  a  300-m  long  RK-TBA  unit.  To 
achieve  this  goal,  and  to  maintain  longitudinal  beam 
stability  over  these  long  distances,  the  extraction 
cavities  must  be  inductively  detuned;  furthermore,  in 
order  for  a  3-cell  disk  loaded  cavity  structure  to  behave 
like  a  traveling  wave  structure  with  no  reflected  waves, 
the  output  ports  must  be  properly  matched.  To  maintain 
low  surface  fields  to  avoid  breakdown,  we  consider 
traveling-wave  structures. 


♦Work  supported  by  the  U.S.  Department  of  Energy  under 
Contract  DE-AC03-76SF00098. 


The  required  cavity  parameters  have  already  been 
discussed  elsewhere  in  this  conference  [2];  here  we  will 
present  electromagnetic  calculations  to  determine  the 
structure  of  the  extraction  cavities.  We  have  chosen  in 
this  design  effort  one  specific  path  to  meet  the  general 
requirements.  The  procedure  adopted  is  by  no  means 
unique,  and  we  anticipate  further  optimizations  and 
more  detailed  calculations  in  the  future. 

II.  THE  EXTRACTION  CAVITY  DESIGN 

Present  designs  evolve  around  traveling-wave- 
structures  with  3  cells  of  S-rnm  inner  radius.  The  rf 
output  is  extracted  through  2  separate  ports  in  the  3^^ 
cell,  with  180  MW  each  transported  through  separate 
waveguides,  and  fed  directly  into  the  two  input  couplers 
of  the  high  gradient  structure. 

The  tools  we  have  used  to  calculate  the  rf  properties 
of  the  cavity  are  URMEL  and  SUPERFISH  for  2-D 
frequency-domain  calculations,  ABCI  and  TBCI  for  2-D 
time-domain  calculations,  and  MAFIA  for  3-D 
frequency-  as  well  as  time-domain  calculations.  The 
calculations  in  frequency-domain  are  obtained  for 
standing- wave  solutions.  We  have  followed  a  procedure 
described  in  a  paper  by  Loew  et  al.  [3]  to  convert  these 
results  to  traveling-wave  properties. 

The  design  procedure  is  carried  out  in  several  steps, 
starting  with  the  simplest  approximations,  and  adding 
more  realistic  features  with  each  successive  iteration.  At 
each  step  we  calculate  the  rf  properties  of  the  cavity 
including  frequency,  the  (R/Q),  and  group  velocity  for 
the  longitudinal  mode,  and  the  synchronous  frequency 
and  shunt  impedance  of  the  dipole  mode;  we  also 
calculate  the  field  enhancement  factor  to  determine  the 
surface  field  for  assessing  breakdown  risks.  The  field 
enhancement  factor  calculated  by  URMEL  is  defined  as 
the  ratio  of  the  maximum  amplitude  of  the  electric  field 
in  the  whole  structure  to  the  average  electric  field  along 
the  axis  (including  the  transit  time  factor)  for  standing- 
wave  solutions.  The  enhancement  factor  that  we  are 
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Figure  1:  Schematic  cross  section  of  the  infinitely 
periodic  structure. 
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Figure  2:  Schematic  cross  section  of  the  3-cell  cavity  with 
beam  pipes. 


interested  in  is  defined  for  traveling-wave  structures 
without  the  transit  time  factor. 

III.  INnNITELY  PERIODIC  STRUCTURE 

First,  we  want  to  determine  roughly  the  geometry  of 
the  overall  structure.  As  a  starter,  we  construct  a  3-cell 
disk-loaded  traveling-wave  structure  that  is  synchronous 
with  the  beam  (vp=c).  The  rf  structure  should  give  360 
MW  with  a  tightly  bunched  drive  beam  with  an  rf 
current  of  1-1.5  kA.  We  choose  initially  a  conventional 
2k/3  structure  with  cell  length  (p)  of  8.75  mm.  The 
power  extraction  formula  gives  a  requirement  of 
(R/Q)/vg.  URMEL  is  exercised  for  an  infinitely  periodic 
structure,  varying  the  inner  radius  a  and  outer  radius  b  of 
a  disk-loaded  structure,  and  the  set  of  solutions  with 
Vp=c  is  obtained,  following  the  procedure  of  Thompson, 
et  al.  [4].  For  each  value  of  the  aperture  radius  satisfying 
Vp=c,  the  cavity  parameters  R/Q  and  Vg  are  determined. 
Figure  1  shows  a  schematic  cross  section  of  the  cells. 

The  inductively  detuned  structure  is  next 
constructed  by  a  variation  of  the  previous  step.  What  we 
want  is  a  structure  whose  resonant  frequency  remains 
unchanged,  but  the  wavelength  is  increased  by  a  factor 
of  1.33.  This  will  result  in  a  phase  velocity  of  1.33  c, 
which  is  the  desired  detuning  angle  to  maintain 
longitudinal  beam  stability.  To  achieve  this,  we  choose 
to  fix  the  cell  length  at  p=8.75  mm  as  before,  and  reduce 
the  outer  radius  b  for  each  value  of  a,  until  the  2n/3  field 
configuration  becomes  a  kI2  configuration  at  the  same 
frequency  of  11.424  GHz.  Each  wavelength  now 
extends  over  4  cells,  instead  of  the  3  cells.  The  R/Q  and 
Vg  for  this  new  configuration  are  determined  with 
URMEL.  The  required  geometry  is  determined  by 
ensuring  that  the  corresponding  R/Q  and  Vg  provides  the 
right  power  extraction.  The  solution  is  a=8mm,  b=12.5 
mm,  R/Q=13.5  Q  and  Vg=0.28  c.  Slight-refinements 
from  this  geometry  are  obtained  by  numerically  iterating 
on  the  power  extraction  formula  to  account  for  the 


reduction  in  power  due  to  inductive  detuning.  The  field 
enhancement  factor  is  1.5. 

IV.  HNITE  STRUCTURE  (2-D) 

The  finite  cell  structure  is  included  by  modeling  the 
detuned  3-cell  structure  with  finite  beam  pipes.  The 
effect  of  the  modified  geometry  on  the  field 
configuration  and  cavity  parameters  are  then  studied. 
Figure  2.  shows  a  schematic  cross  section  of  the  3-cell 
cavity  with  beam  pipes.  As  calculated  by  SUPERFISH  a 
3  cm  beam  pipe  on  each  side  of  the  structure  will 
adequately  contain  the  fringe  fields.  The  cavity  fields 
still  retain  their  n/2  structure.  Wakefield  calculations 
using  ABCI/TBCI  was  performed  to  find  the  resonant 
frequencies  and  impedances  of  the  structure  and  to 
compare  the  results  with  the  frequency-domain 
calculations  to  check  for  consistency.  The  resonant 
frequencies  as  well  as  the  relative  impedance  behavior 
agree  with  those  calculated  in  frequency-domain. 

A  very  important  point  to  note  is  that  the  dipole 
wake  is  heavily  damped.  This  is  due  to  the  strong 
coupling  of  the  cavity  field  to  the  TEu  mode  in  the 
beam  pipe.  This  results  in  a  very  low  Q.  To  translate  the 
wake  calculation  to  the  Q  of  individual  cells  in  a 
coupled  cavity  formulation  is  somewhat  subtle,  and  has 
not  been  fully  understood  yet  but  initial  estimates 
suggest  that  the  dipole  Q  for  the  first  and  last  cavity  of 
our  3-cell  structure  could  be  as  low  as  10. 

V.  FINITE  STRUCTURE  (3-D) 

Finally,  the  3-D  aspects  of  the  output  ports  are 
studied  using  MAFIA.  Recalling  that  the  matching 
condition  demands  that  the  frequency  and  Q-value  of 
the  last  cell  be  uniquely  determined  to  absorb  the 
reflected  waves  from  the  3-cell  structure,  MAFIA  is 
exercised  by  variation  of  the  geometry  of  the  output 
until  the  right  value  of  Q  and  to  for  proper  matching  are 
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Figure  3:  Axial  cut  of  the  3-D  cavity  with  output 
structures. 
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Figure  4:  Phase  versus  frequency  curve  for  last  cell. 


obtained.  Figure  3  shows  an  axial  cut  of  the  3-D  cavity 
with  output  structures. 

The  output  structure  consists  of  two  WR90  RWG 
waveguides  attached  to  the  last  cell  of  the  cavity.  The 
shorter  (0.4”  long)  side  is  oriented  along  the  z-axis.  The 
last  cell  is  required  to  have  a  Qext<l^  order  to  have 
only  a  forward  traveling  wave  in  the  cavity. 

The  determination  of  the  external  Q  of  the  3-D 
cavity  with  output  structure  is  based  on  the  Kroll-Yu 
method  [5].  For  a  given  waveguide  iris  aperture  several 
calculations  (at  least  four)  are  performed  varying  the 
length  of  the  output  waveguide.  The  phase  change  along 
the  waveguide,  \|/,  is  defined  as  27cD/Xg,  where  X.g  is  the 
waveguide  wavelength  and  D  is  the  waveguide  length. 
The  mode  of  interest  (in  our  case  the  nil  mode)  is 
identified  and  the  frequency  recorded.  From  the  phase 
change  versus  frequency  relationship  the  external  Q  is 
approximately  given  by  -(l/2)f(d\|//df).  Taking  into 
account  the  whole  structure  we  calculated  Qext~80  for 
various  waveguide  iris  apertures.  The  equivalent  Q  for 
the  3^^  cavity  can  be  shown,  using  a  method  developed 
in  Ref.  [1],  to  be  less  than  10. 

The  calculation  of  the  Qext  of  the  last  cell  for  a  7C/2 
mode  configuration  is  facilitated  from  the  fact  that  such 
configuration  is  obtained  naturally  by  applying  neuman 
and  dirichlet  boundary  conditions  at  the  left  and  right 
boundaries  of  that  cell.  Using  the  Kroll-Yu  method  we 
calculated  a  Qext~5  for  a  waveguide  iris  aperture  of  1.24 
cm,  a  value  of  Qext  that  is  within  that  required  to  meet 
the  matching  condition.  Figure  4  shows  the  phase  versus 
frequency  curve. 


VI.  CONCLUSION 

We  do  not  consider  the  cavity  geometries  obtained 
so  far  to  be  final  in  any  sense.  There  are  still  large 
degrees  of  freedom  for  design  modifications,  and  further 
refinements  will  be  conducted  to  reduce  transverse 
focusing  fields  and  to  ensure  minimal  surface  fields  over 
the  entire  3-D  structure.  The  calculated  Q's  are  close  to 
the  values  required  to  satisfy  the  matching  condition. 
The  induction  cavity  design  need  to  be  optimized  to 
make  sure  that  both  the  longitudinal  as  well  as 
transverse  impedances  are  adequately  small. 
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In  order  to  reduce  the  SLAC  46.6  GeV  beam  to  sub- 
micron  sizes,  the  Final  Focus  Test  Beam  (FFTB)  must  meet 
tight  tolerances  on  many  aberrations.  These  aberrations 
include:  mismatch  and  coupling  of  the  incoming  beam; 
dispersion;  chromaticity;  lattice  errors  in  the  chromatic 
correction  sections;  lattice  coupling;  and  residual  sextupole 
content  in  the  quadrupoles.  In  order  to  address  these 
aberrations,  we  have  developed  a  procedure  which  combines 
trajectory  analysis,  use  of  intermediate  wire  scanners,  and  a 
pair  of  novel  beam  size  monitors  at  the  IP.  This  procedure 
allows  the  FFTB  IP  spot  to  be  reduced  to  sizes  under  100 
nanometers. 

I.  INTRODUCTION 

In  order  to  achieve  luminosity  in  the  range  of  10^^  cm*”^ 
sec“^,  a  TeV-scale  linear  collider  will  need  to  reduce  the  size 
of  electron  and  positron  bunches  at  collision  to  sizes  on  the 
order  of  several  nanometers.  This  vertical  size  mandates  a 
demagnification  from  the  linac  to  the  IP  of  a  factor  of  400. 
Such  a  severe  demagnification  places  unprecedented 
tolerances  on  many  optical  aberrations  of  the  final  focus 
system,  most  of  which  cannot  be  met  ab  initio,  but  only  as  a 
result  of  beam-based  tuning  of  the  final  focus.  Any  linear 
collider  must  have  an  algorithm  and  diagnostics  which  will 
allow  such  tuning  to  converge  in  a  finite  time. 

The  Final  Focus  Test  Beam  (FFTB)  is  a  prototype  linear 
collider  final  focus,  designed  to  reduce  the  46.6  GeV  SLAC 
beam  to  a  size  of  2  microns  by  60  nanometers.  The  FFTB  has 
the  horizontal  and  vertical  demagnifications  required  by  a 
future  linear  collider,  and  thus  addresses  all  the  same  optical 
aberrations.  We  have  developed  such  an  algorithm  for  the 
FFTB,  which  allows  the  spot  to  be  focused  to  70  nanometers. 

IL  THE  FINAL  FOCUS  TEST  BEAM 

The  optics  of  the  FFTB  have  been  discussed  in  detail 
elsewhere[l].  The  optical  layout  consists  of:  a  5-quadrupole 
beam  matching  section;  a  horizontal  chromatic  correction 
section  (CCSX)  with  a  pair  of  sextupoles  separated  by  a  -7 
transform;  a  beta  exchanger  (BX),  which  enlarges  the  vertical 
beam  size  and  reduces  the  horizontal;  a  vertical  chromatic 
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correction  section  (CCSY);  a  final  telescope  (FT),  including 
the  final  doublet  (FD)  magnets;  and  an  extraction  line. 

The  primary  aberrations  which  affect  the  horizontal  beam 
size  are:  waist  and  magnification  errors;  dispersion; 
chromaticity;  and  a  single  normal  sextupole  aberration,  for  a 
total  of  5.  The  vertical  beam  size  is  affected  by  these 
aberrations,  plus  an  additional  two  skew  sextupole  aberrations, 
and  two  xy  coupling  effects,  for  a  total  of  9  aberrations. 

III.  INCOMING  BEAM  MATCHING 

Because  of  the  “stair-step”  phase  advance  properties  of  a 
linear  collider  final  focus,  the  multi-wirescanner  technique  for 
measuring  incoming  beam  emittance,  Twiss  parameters,  and 
coupling[2]  is  not  applicable  in  the  FFTB.  Instead,  the 
incoming  beam  is  measured  by  scanning  a  quadrupole  magnet 
and  measuring  the  beam  size  on  a  downstream  wire  scanner  as 
a  function  of  the  magnet  strength.  This  technique  has  been 
described  elsewhere[3],  and  has  been  used  for  many  years  at 
SLAC.  In  the  FFTB,  the  first  quadrupole  magnet  is  scanned, 
and  a  wire  scanner  in  the  beam-matching  section  is  used[4]. 
For  this  measurement  the  beam  matching  quads  are  set  to  a 
special  optics  which  focus  both  x  and  y  waists  on  the  wire, 
and  the  beam  is  stopped  before  entering  the  CCSX. 

Because  of  the  sensitivity  of  the  FFTB  to  xy  coupling,  the 
beam  measurement  scanner  contains  7  micron  wires  set  to 
measure  the  beam  in  x,  y,  and  v  (one  of  the  diagonals).  Two 
algorithms  have  been  developed  to  measure  the  fully-coupled 
sigma  matrix  using  this  wire  scanner  and  quadrupole  strength 
scans.  It  was  determined  that  the  incoming  beam  coupling  is 
dominated  by  a  single  term,  which  can  be  eliminated  using  a 
skew  quadrupole  upstream  of  the  first  normal  FFTB 
quadrupole.  When  this  is  done,  the  measured  vertical 
projected  emittance  agrees  with  the  emittance  measured  at  the 
end  of  the  SLAC  linac  by  the  multi-wire  system  there  (yty  = 
2x10’^^  m.rad),  and  is  below  the  FFTB  design  value. 

The  five  normal  quadrupoles  of  the  beta  matching  section 
are  then  employed  to  match  the  incoming  Twiss  parameters 
onto  the  desired  IP  parameters.  This  allows  us  to  adjust  the  IP 
divergence  (and  hence  the  focused  size)  up  or  down, 
depending  on  requirements  of  the  experimental  program.  The 
beam  is  then  allowed  to  travel  to  the  dump. 

The  BX  section  contains  horizontal  and  vertical 
“intermediate  waists,”  with  respective  beta  functions  of  8.3 
cm  and  2.5  cm  (design),  separated  by  2.85  meters.  Special 
wire  scanners  [4]  with  4  micron  wires  at  angles  optimized  for 
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measuring  flat  beams  are  used  to  verify  and  tune  the  beta 
match  (both  magnification  and  waist).  The  beam  size  on  the 
horizontal  wasit  wire  is  5  microns  by  80  microns,  and  on  the 
vertical  waist  wire  is  200  microns  by  710  nanometers. 

IV.  LOCAL  TUNING  AND  DIAGNOSTICS 

Wherever  an  aberration  can  be  traced  to  an  error  in  a  single 
magnet,  it  is  preferable  to  correct  the  error  in  that  device 
rather  than  to  apply  a  global  tuning  correction.  The  primary 
localized  aberrations  arise  from  misalignments  of  quadrupoles 
and  sextupoles,  and  errors  in  the  strengths  or  roll  angles  of 
quadrupoles.  To  maximize  tunability,  all  quadrupoles 
upstream  of  the  IP  are  powered  by  separate  power  supplies, 
and  all  quadrupoles  and  sextupoles  are  mounted  on  remote- 
controlled  magnet  movers  with  positioning  accuracy  of  under 
1  micron  in  x  and  y[5].  All  quadrupoles  up  to  the  first  doublet 
magnet  contain  stripline  beam  position  monitors  (BPMs)  with 
resolutions  of  1  micron[6]. 

The  procedure  for  quadrupole  and  sextupole  alignment  is 
described  elsewhere[7].  The  technique  uses  a  shunt  technique 
for  the  quadrupoles,  and  scans  of  the  mover  positions  vs 
downstream  bpms  for  the  sextupoles.  The  overall  tuning 
procedure  is  guaranteed  to  converge  if  the  RMS 
misalignments  of  quadrupoles  and  sextupoles  is  below  100 
microns  in  the  horizontal  and  30  microns  in  the  vertical,  and 
these  tolerances  are  met  by  the  alignment  algorithm.  The 
alignment  is  done  with  the  IP  divergence  low,  and  this  reduces 
the  beam  size  in  all  the  limiting  apertures  of  the  FFTB. 
Because  the  procedure  does  not  rely  on  beam  size  diagnostics 
at  any  time,  the  specifics  of  the  beam  matrix  are  not  important, 
and  in  fact  alignment  is  usually  performed  before  incoming 
beam  reconstruction  for  this  reason. 

In  order  to  minimize  sextupole  aberration,  it  is  necessary  to 
tune  the  -/  transforms  of  the  CCSX  and  CCSY  as  thoroughly 
as  possible.  This  is  done  by  introducing  closed  orbit 
oscillations,  generated  by  moving  quadrupole  magnets  on 
their  movers  in  appropriate  linear  combinations  to  probe  all 
phases  of  oscillation[8].  The  technique  allows  quadrupole 
strength  measurements  of  1  part  per  thousand,  and  roll 
measurements  of  1  milliradian.  These  are  adequate  for 
guaranteeing  convergence  of  the  overall  algorithm. 

V.  IP  BEAM  SIZE  MONITORS 

Because  the  IP  beam  size  is  smaller  than  at  any  other  point 
in  the  beam  line,  it  is  subject  to  aberrations  which  cannot  be 
measured  elsewhere.  Consequently,  once  incoming  beam  and 
FFTB  lattice  properties  have  been  tuned  to  the  limits  of  the 
upstream  measuring  devices,  it  is  necessary  to  use 
measurements  of  the  IP  spot  size  itself. 

Initial  tuning  of  the  beam  can  be  accomplished  using  wire 
scanners  set  in  the  IP  region.  These  scanners  use  4  micron 
carbon  wires,  and  are  useful  down  to  a  beam  size  of  about  1 
micron,  although  wire  damage  becomes  a  likely  occurrence  at 
this  point[4].  The  spot  can  be  measured  down  to  its  design 
size  by  a  pair  of  novel  beam  size  monitors  (BSMs)  set  52  cm 
apart  in  the  IP  region. 


A.  Gas  Time  of  Flight  Beam  Size  Monitor [9] 

A  Gas  Time-of-Flight  BSM  injects  a  small  amount  of 
Helium  gas  into  the  beam  as  it  passes  through  the  device.  The 
beam  produces  ions,  which  are  then  accelerated  transversely 
by  the  electric  field  of  the  beam.  The  maximum  velocity  of 
the  ions  is  proportional  to  the  maximum  field.  Additionally, 
the  vertical  beam  is  small  enough  that  the  ions  are  trapped  by 
its  intense  electric  field  and  oscillate  with  horizontal  and 
vertical  amplitudes  proportional  to  the  coordinates  of  their 
creation  point  inside  the  beam.  In  average,  horizontal 
amplitudes  are  larger  than  vertical  ones  for  horizontally  flat 
beams,  leading  to  an  anisotropy  in  the  distribution  that  scales 
as  the  beam  flatness. 

By  measuring  the  velocity  and  angular  distributions  of 
escaped  ions  (via  a  ring  of  multi-channel  plates  surrounding 
the  IP),  the  beam  size  in  both  planes  can  be  measured.  Figure 
1  shows  a  typical  distribution,  which  indicates  a  beam  size  of 
1.6  microns  by  80  nanometers. 


Figure  1.  Angular  distribution  of  He"*"  ions  produced  by  beam 
ionization  of  Helium  gas.  The  distribution  is  peaked  in  the 
horizontal  direction  (90“  and  270“),  indicating  a  flat  beam, 

B.  Laser  Interferometer  Beam  Size  Monitor!  10] 

A  laser  interferometer  BSM  splits  a  Nd:YAG  laser  pulse 
and  crosses  the  two  beams  thus  produced  at  an  angle  in  the 
path  of  the  electron  beam.  This  produces  an  interference 
pattern  with  a  characteristic  modulation  spacing.  When  the 
beam  encounters  the  laser,  the  laser  photons  are  Compton - 
scattered  forward  into  a  detector.  The  amplitude  of  the  signal 
depends  upon  the  relative  transverse  position  of  the  electron 
beam  and  the  laser  pattern,  and  also  upon  the  relative  size  of 
the  electron  beam  and  the  modulation  spacing.  Scanning  the 
electron  beam  across  the  interference  fringes  gives  a 
sinusoidally-varying  Compton  signal,  whose  modulation 
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depth  gives  the  beam  size.  Figure  2  shows  such  the  results  of 
such  a  scan,  and  indicates  a  beam  size  of  73  nanometers. 


Figure  2.  Laser-Compton  Beam  Size  Monitor  Compton 
photon  signal  vs.  beam  position,  showing  the  sinusoidal 
modulation  expected.  The  beam  size  indicated  is  73  nm,  with 
a  statistical  uncertainty  of  4  nm. 

VI.  GLOBAL  TUNING  ON  IP  BEAM  SIZE 

In  order  to  minimize  the  IP  beam  size,  it  is  necessary  to 
prepare  linear  combinations  of  tuning  elements  (“knobs”) » 
which  are  properly  orthogonal.  Knobs  which  cause  more  than 
trace  alterations  in  secondary  aberrations  require  additional 
iterations,  and  may  prohibit  tuning  altogether. 

The  knobs  of  greatest  concern  are  waist,  dispersion,  and 
the  single  coupling  term  (x’y)  which  arises  from  any  rolled 
quadrupoles  in  the  FFTB  line,  including  the  doublet.  Because 
these  knobs  are  scanned  repeatedly,  and  need  to  be 
incremented  by  small  amounts,  magnet  hysteresis  and  power 
supply  granularity  are  significant  issues.  These  issues  are 
addressed  by  moving  the  CCS  sextupoles,  via  their  movers,  in 
patterns  which  generate  orthogonal  waist  shifts,  dispersion 
shifts,  and  coupling  at  the  IP.  Because  the  mover  positions  are 
monitored  by  a  sensor  system  independent  of  the  stepper 
motors,  the  positions  are  not  subject  to  hysteresis,  and  have 
the  step  size  needed  to  change  aberrations  by  the  small 
increments  required.  In  order  to  minimize  the  sextupole 
offsets  from  their  aligned  positions,  only  small  changes  in 
these  aberrations  are  implemented  via  the  mover  knobs. 
Large  changes  are  converted  to  an  equivalent  magnet  knob. 
The  tuning  elements  for  each  aberration  are  as  follows: 

A.  Waist  Position 

The  waist  positions  are  moved  by  changing  the  strengths  of 
the  final  doublet  quadrupoles. 

B.  Dispersions 

The  IP  dispersions  are  changed  by  steering  the  beam  off- 
axis  across  the  final  doublet  magnets. 


The  “Rolled  Quadrupole”  coupling  term  is  changed  via  a 
skew  quadrupole  close  to  the  final  doublet. 

D.  Chromaticity 

The  lattice  chromaticity  is  changed  by  changing  the 
strengths  of  the  CCSX  or  CCSY  sextupoles.  In  order  to  keep 
this  correction  orthogonal  from  the  linear  aberrations  above, 
the  sextupoles  must  be  near  their  aligned  positions,  thus  the 
use  of  magnet  knobs  for  coarse  changes. 

£.  Geometric  Sextupole 

The  geometric  sextupole  aberrations  are  changed  via  two 
normal  and  two  skew  sextupoles  in  the  dispersion  free  region 
of  the  FT.  Of  the  four  aberrations  these  magnets  generate,  one 
effects  only  the  horizontal  beam  size,  one  effects  only  the 
vertical,  and  two  have  combined  effects.  These  magnets  are 
scanned  in  combinations  which  excite  aberrations  singly. 

VII.  RESULTS 

The  scheme  described  above  has  been  used  repeatedly  to 
tune  the  beam  size  of  the  FFTB,  and  70  nanometers  has  been 
regularly  achieved.  Further  improvements  in  the  spot  size  are 
anticipated  as  unexpected  effects  are  fully  understood. 
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Abstract 

The  Final  Focus  Test  Beam  (FFTB)  project  at  SLAC  is  a  demon¬ 
stration  of  the  feasibility  of  making  the  extremely  small  spot 
sizes  needed  for  future  linear  colliders.  Fermilab  joined 
the  FFTB  collaboration  in  late  1993.  This  paper  describes  the 
Fermilab  contributions  to  FFTB,  emphasizing  the  work  on  lattice 
diagnostics. 

I.  Introduction 

There  has  been  an  ongoing  involvement  by  Fermilab  in  work 
on  high  energy  €'^e~  linear  colliders  [  1  ] .  In  1993  Fermilab  joined 
the  Final  Focus  Test  Beam  Collaboration.  The  FFTB  [2]  is  an 
experiment  to  demonstrate  the  feasibility  of  making  the  small 
beam  spot  sizes  that  are  required  for  the  success  any  future  linear 
collider  project.  The  experiment  has  already  yielded  impressive 
results  [3]  and  has  shown  that  the  demagnifications  needed  for  the 
NLC  design  are  feasible.  Fermilab  joined  the  collaboration  after 
almost  all  of  the  hardware  was  already  installed.  However  an 
earlier  engineering  run  indicated  the  need  for  an  additional  x  —  y 
halo  collimator,  which  Fermilab  built  and  helped  commission  in 
the  FFTB  beamline.  The  FFTB  beamline  requires  very  careful 
alignment  and  the  magnet  strengths  have  to  be  correct  [4]  for 
the  beam  to  focused  down  to  its  design  value  at  the  final  focus. 
Fermilab  was  responsible  for  checking  the  magnet  strengths  (i.e. 
lattice  diagnostics)  and  developed  two  independant  methods  for 
this  project.  This  paper  deals  mostly  with  these  lattice  diagnostic 
methods. 

IL  Offline  Analysis 

One  method  of  measuring  the  FFTB  lattice  is  to  fit  beam  data 
from  a  large  number  of  3  and  4  bumps.  There  are  12  precision 
trim  magnets  in  the  beamline  that  are  used  to  create  trajectory 
bumps.  There  are  not  however,  enough  trims  to  make  bumps  over 
a  short  region  in  the  lattice.  Typical  3-bumps  with  the  correctors 
include  about  10  quads.  Almost  every  quad  in  the  beamline  is 
mounted  on  a  movable  stand  that  can  be  positioned  to  about  1 
micron  accuracy.  Trajectory  bumps  were  also  made  using  these 
quad  movers.  The  advantage  of  using  bumps  created  by  the 
movers  is  two-fold;  the  movers  do  not  suffer  from  hysteresis, 
and  there  are  movers  on  each  quad  allowing  us  to  make  a  wide 
variety  of  very  short  bumps.  This  gives  many  more  combinations 
of  bumps  than  can  be  made  using  the  limited  number  of  precision 
dipole  trim  elements. 

The  BPMs  have  demonstrated  accuracy  in  many  cases  better 
than  1  um  for  small  displacements.  For  large  displacements  the 
non-linear  nature  of  their  response  limits  their  accuracy  to  about 
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30  microns  absolute  accuracy.  An  overall  scale  factor  error  of 
10%,  and  channel  to  channel  non-linear  errors  of  a  few  percent 
are  two  other  effects  that  limited  the  absolute  precision  of  the 
BPM  system  at  large  displacements. 

The  most  precise  test  that  the  BPM's  can  make  is  to  require  that 
a  bump  be  closed  so  that  there  is  zero  deflection  downstream.  The 
BPMs  used  in  the  FFTB  are  capable  of  measuring  small  changes 
in  the  trajectory  from  one  pulse  to  the  next  with  a  precision  of 
1  fim  or  better.  In  order  to  measure  the  lattice  properties  to  0. 1  % 
or  better  accuracy  closed  3  and  4  bumps  are  used  to  test  the  lattice. 
Small  imperfections  in  the  lattice  appear  as  small  movements  of 
the  beam  downstream  of  the  bump. 

The  complication  of  using  closed  bumps  for  the  measurement 
is  that  each  measurement  includes  the  effect  of  several  quads.  In 
order  to  separate  out  the  trajectory  errors  from  each  quad  without 
any  correlation  with  its  neighbors  we  made  many  overlapping 
orthogonal  closed  bumps.  We  used  over  100  different  closed 
bumps  to  measure  the  individual  strengths  of  about  30  quads. 
The  large  amount  of  redundancy  in  the  measurements  allow  the 
measurement  of  each  quad  strength  with  little  ambiguity.  The 
lattice  properties  were  then  extracted  by  the  simultaneous  fitting 
of  all  the  experimental  data 

Each  closed  bump  was  tried  with  5-10  steps  of  different 
strengths.  Each  of  these  steps  in  bump  strength  was  repeated 
5-10  times.  For  each  bump  the  trajectories  of  between  50  and 
1(X)  different  linac  cycles  were  taken.  A  correction  is  made  for 
each  linac  beam  pulse  to  correct  for  the  pulse  to  pulse  variation 
of  the  SLAC  linac. 

The  lattice  properties  were  measured  by  fitting  the  processed 
BPM  measurements  for  all  of  the  different  3  and  4  bumps  si¬ 
multaneously.  Each  bump  trajectory  was  compared  to  a  model 
prediction  based  on  a  tracking  simulation  originating  from  the 
SLAC  control  system  online  model.  The  fitting  was  performed 
using  the  MINUIT  optimization  program,  using  a  that  based 
on  the  measured  errors  determined  by  the  reproducibility  of  the 
measurements.  The  quantity  used  for  the  minimization  is  the 

I  do f  of  all  BPMs  for  all  bump  measurements. 

By  far,  the  most  important  parameter  needed  to  fit  the  data  is 
an  overall  BPM  scale  factor.  In  one  sub-sample  of  our  data  the 
overall  x} is  reduced  from  50  to  25  by  including  a  13% 
scale  factor  change.  In  addition  the  beam  energy  may  also  be  fit 
to  all  the  data. 

Table  I  shows  the  strength  of  each  quad  in  our  test  region  rela¬ 
tive  to  the  online  model,  obtained  by  fitting  each  quad  separately. 
In  most  cases  the  precision  is  of  order  10“^. 

The  two  most  critical  sections  of  the  FFTB  lattice  are  the 
—7  transformers  in  the  chromatic  correction  sections.  Each  of 
these  sections  contains  five  quads.  Table  II  shows  the  results 
of  a  simultaneous  fit  to  four  of  the  five  quads  in  each  of  these 
sections.  If  the  measured  errors  had  been  large  enough  to  cause 
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Table  I 

Quadrupole  strengths  in  the  test  region  relative  to  the  model. 


Name 

Value 

Error 

QN3A 

1.0033 

0.001239 

QN3B 

0.99639 

0.001677 

QN2A 

1.0009 

0.000602 

QNl 

1.0006 

0.000867 

QN2B 

1.0007 

0.000659 

QN3C 

1.0021 

0.002117 

QTl 

1.0032 

0.002992 

QT2A 

0.89738 

0.045050 

QT2B 

0.99909 

0.002033 

QT3 

1.0011 

0.001594 

QT4 

1.0027 

0.001393 

QM3B 

1.0022 

0.001767 

QMIA 

0.99437 

0.002336 

QM2 

1.0005 

0.001641 

QMIB 

0.99936 

0.003753 

QM3C 

1.0026 

0.002999 

QM3D 

1.0027 

0.002816 

QM3D 

1.0018 

0.006240 

QMIC 

1.0017 

0.004884 

QMIC 

0.99699 

0.001475 

QC5 

1.0040 

0.001516 

QC4 

0.99958 

0.002699 

QC3 

0.99084 

0.006982 

QXl 

0.97512 

0.013512 

QCl 

0.97981 

0.010615 

QPIA 

0.96081 

0.032226 

prototype  lattice  changes  and  to  calculate  various  lattice  param¬ 
eters  (eg.  twiss  parameters).  The  bumps  generated  for  the  offline 
analysis  were  checked  with  this  model.  The  program  can  read 
data  files  produced  by  the  SLAC  control  system. 

During  one  of  the  FFTB  commissioning  periods,  data  from  a 
series  of  correction  dipole  bumps  and  quad  displacement  bumps 
were  taken  and  compared  to  the  model.  A  correlation  plot  data 
file  was  made  of  all  of  the  magnet  currents  and  read  into  the 
model.  A  correlation  plot  data  file  was  made  for  each  type  of 
bump.  The  bump  strength  was  varied  over  a  dilmm  range  with 
five  to  ten  data  samples  taken  for  each  bump  value.  When  the 
data  are  read  into  the  model  program,  the  user  can  select  whether 
or  not  to  average  the  data  points  or  whether  or  not  the  subtract 
the  orbit  with  zero  bump  value  (the  reference  orbit).  The  user 
can  also  read  in  the  multi-knob  file  which  produced  the  bump. 

Figure  1  shows  the  comparison  between  BPM  data  and  the 
model  for  a  particular  four-bump  using  the  horizontal  quadrupole 
movers.  The  circles  are  the  BPM  data  and  the  solid  line  is  the 
model.  The  bump  is  not  closed  because  of  lattice  errors  and  a 
momentum  offset  of  .03%  which  was  input  to  the  model. 

The  model  was  very  useful  for  quickly  zeroing  in  on  problem 
areas  in  the  lattice.  For  example  it  was  very  easy  to  discover 
that  there  was  crosstalk  in  the  quadrupole  movers;  for  a  400  fxm 
movement  in  x  there  was  ^2  —  3  fim  movement  in  y. 


Table  II 

Results  of  simultaneous  fit  to  four  of  the  five  quads  in  both  of 
the  chromaticity  correction  sections. 


NAME 

VALUE 

ERROR 

QN3B 

0.99651 

0.0016 

QN2A 

0.99793 

0.0006 

QNl 

0.99950 

0.0009 

QN3C 

1.00430 

0.0021 

QM3B 

1.0015 

0.0007 

QM2 

1.0005 

0.0010 

QMIB 

0.99756 

0.0027 

QM3C 

1.0012 

0.0015 

distortion  of  the  spot  size  at  the  IP  we  could  have  used  these 
measurements  as  a  guide  to  tune  the  — /  sections  to  match  the 
perfect  —  /  sections  in  the  model. 

In  addition  to  the  strengths  of  the  quads,  this  technique  can 
also  be  used  to  measure  the  alignment  and  rotation  angles  of 
individual  quads. 


III.  Interactive  Model 

Using  the  object-oriented  beamline  class  library  under  devel¬ 
opment  at  Fermilab,  an  interactive  model  of  the  FFTB  lattice 
was  created  to  be  used  as  a  lattice  diagnostic  tool,  to  quickly 
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Figure.  1.  Comparison  of  model  with  BPM  data. 
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HV  INJECTION  PHASE  ORBIT  CHARACTERISTICS  FOR  SUB-PICOSECOND 
BUNCH  OPERATION  WITH  A  HIGH  GRADIENT  17  GHz  LINAC* 


J.  Haimson  and  B.  Mecklenburg,  Haimson  Research  Corporation,  Santa  Clara,  CA  95054  USA 


The  results  of  phase  orbit  computations  are  presented 
showing  typical  cutoff  and  acceptance  characteristics  for  high 
voltage  electrons  injected  into  a  60  MV/m,  17  GHz  traveling 
wave  (TW)  disc  loaded  structure.  The  RF  fringing  fields  at 
beam  entry  to  the  TW  structure  and  the  presence  of  a  standing 
wave  domain  at  the  input  cavity  have  a  dominating  influence 
on  the  capture  and  bunching  process  and  on  the  asymptotic 
bunch  location  of  the  accelerated  beam.  The  effects  of  beam 
loading  and  of  different  injection  energies  and  input  RF  power 
levels  are  investigated;  and  injection  operating  parameters  with 
RF  chopped  and  prebunched  beams  to  ensure  high  resolution, 
sub-picosecond  bunch  performance  with  the  17  GHz  linac,  are 
presented. 


1.  INTRODUCTION 

For  conventional  gradient  S-band  linacs,  it  has  been  shown 
[1]  that  (a)  the  presence  of  RF  fringe  fields  at  the  beam  entry 
port  of  a  traveling  wave  (TW)  accelerator,  side  coupled,  input 
cavity,  (b)  the  existence  of  a  standing  wave  domain  in  the 
immediate  entry  region  of  such  a  cavity,  and  (c)  the  influence 
of  space  harmonics  (especially  in  the  first  few  cavities),  all 
play  critical  roles  in  the  initial  bunching  and  capturing  process 
and  in  the  subsequent  asymptotic  phase  location  of  the 
accelerated  bunch.  It  can  be  expected  that  these  field 
interactions  will  have  an  even  greater  influence  on  beam 
performance  for  structures  designed  to  operate  at  high 
gradients  and  short  wavelengths.  Neglecting  to  carefully 
analyze  these  critical  effects  can  result  in  an  incorrect  choice 
of  the  electron  gun  operating  potential,  poor  bunching  and  a 
substantial  reduction  in  the  energy  gain  of  a  synchronously 
operated  accelerator  waveguide  section. 

The  multi-orbit,  time  domain,  TW  linac  simulation  code 
HRC-ELOR,  [1,2]  especially  developed  to  analyze  the  above 
effects  was  used  to  study  the  initial  bunching  and  subsequent 
acceleration  through  five  different  configuration,  nonuniform 
impedance,  17  GHz  TW  structures  (refer  Table  I).  The 
structures  were  designed  to  have  a  200  mA  loaded  beam 
energy  of  25  MeV  with  an  input  RF  power  of  20  MW  [3]. 
The  phase  orbit  studies  were  conducted  in  parallel  with  the 
structure  design  work  to  ensure  convergence  of  parameters  so 
that  the  impedance  required  to  ensure  correct  field  conditions 
for  electron  capture  and  bunching  also  satisfied  the  group 
velocity  and  impedance  requirements  for  the  desired  quasi¬ 
constant  gradient  conditions.  By  iteration,  it  was  possible  to 
establish  a  suitable  set  of  parameters  for  the  initial  uniform 
impedance  segment  of  the  structure  so  that  near  optimum 

- - 
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injection  conditions  and  asymptotic  bunch  location  could  be 
achieved  without  having  to  adopt  tapered,  reduced  phase 
velocity  circuit  techniques  [1,4].  The  phase  orbit  investigations 
were  directed  mainly  at  studying  two  different  injection  energy 
regimes,  namely,  400  to  600  keV  and  approximately  2  MeV, 
so  that  beam  injection  using  either  pulsed  HV  or  RF  electron 
guns  could  be  evaluated. 


Table  I.  Comparison  of  17  GHz  Structure  Designs 


- 


i^lUlllUCl  u 

Cavities 


A 

Constant 

n=90 

90 

0.5758 

0.4130 

0.550 

B 

Quasi-C. 

n=90 

15 

0.5842 

0.4242 

0.540 

C 

Quasi-C. 

n=90 

15 

0.5690 

0.4318 

0.522 

D 

Quasi-C. 

n=90 

15 

0.5690 

0.4318 

0.564 

D(94) 

(final) 

Quasi-C. 

n=94 

15 

0.5690 

0.4318 

0.590 

IT  PHASE  ORBIT  CHARACTERISTICS 


Initial  phase  orbit  calculations  for  the  constant  gradient 
(Design  A)  structure,  performed  under  simplified  conditions  of 
zero  beam  loading,  are  shown  in  the  Figure  1  plots  of  injected 
particle  entry  phase  at  the  input  coupler  fringe  field  versus 
electron  energy  (V^^)  at  emergence  from  the  accelerator 
structure.  These  initial  computations,  based  on  an  input 
coupler  peak  field  of  67  MV/m,  and  an  initial  average 
accelerating  field  strength  (Eq)  of  52  MV/m,  provided 
important  early  information  on  acceptance,  asymptotic  phase 
location,  etc.,  and  presented  guidelines  for  establishing  the 
final  design  parameters  of  the  17  GHz  quasi-constant  gradient 
accelerator  structure  shown  listed  in  Table  II  [Design  D(94)]. 

The  classical  injection  characteristic  of  decreasing  phase 
acceptance  with  reduced  injection  energy  is  clearly  illustrated 
in  Figure  1,  with  a  260°  acceptance  at  2  MeV  and 
approximately  190°  at  400  to  600  keV.  An  unexpected  and 
important  finding  during  this  17  GHz  high  gradient  accelerator 
investigation  was  the  strong  rejection  of  particles  at  injection 
energies  of  100  to  200  keV,  i.e.,  at  the  energy  levels 
commonly  used  by  the  majority  of  existing  high  power 
research  linacs  (operating  at  lower  frequencies  and  gradients). 
It  can  be  noted  that  even  at  an  electron  gun  voltage  of  250  kV, 
there  are  no  injection  phase  angles  that  allow  the  maximum 
available  energy  to  be  achieved  under  synchronous  operating 
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PHASE  OF  INJECTED  ELECTRONS  AT  ENTRY  TO  RF  FRINGE  FIELD,  <t>^  (deg) 

Figure  1:  Phase  Orbit  Plots  Showing  Cut-off  and  Acceptance 
Characteristics  of  an  Unloaded  17,136  GHz,  Vp=c,  Constant 
Gradient  TW  Linac  Structure  (Design  A)  for  a  Range  of 
Injection  Energies  (Vq). 

conditions,  because  the  electrons  are  asymptotically  phased 
well  behind  the  crest  of  the  wave.  [Higher  injection  energies, 
especially  with  narrow  RF  bunches  assist  considerably 

in  achieving  beams  of  low  emittance  [4]  because  of  the  beam 
formation  advantages  and  because  the  use  of  Vp<c  capture 
structures  can  be  totally  avoided.] 

The  17.136  GHz  structure  binding  field  conditions  were 
chosen  to  provide  near  optimum  acceptance  and  asymptotic 
phase  location  for  injection  energies  in  the  400  to  600  keV 
range,  by  ensuring  that  for  a  specified  given  spread  of  entry 
phase  angles,  the  emergent  energy  remained  essentially 
constant  and  close  to  the  maximum  available  value.  For 
example,  at  400  keV,  because  of  the  flat-top  characteristic 
shown  in  Figure  1,  it  can  be  seen  that  a  narrow  bunch  injected 
in  the  vicinity  of  (|)o  =  120°  will  produce  an  emergent  beam 
having  a  sharp  spectrum  and  a  mean  energy  that  is  relatively 
insensitive  to  small  variations  of  entry  phase.  Although  it  is 
necessary  to  also  evaluate  the  emergent  bunch  phase 
characteristics  before  deciding  on  the  best  mode  of  linac 
operation,  as  discussed  below,  the  Figure  1  Vo=2  MeV  curve 
shows  3Va/3(t)o->  0  at  three  locations,  A,  B  and  C,  where 
narrow  bunch  injection  will  result  in  sharp  spectra  operation 
but  at  different  absolute  values  of  emergent  beam  energy. 

The  phase  orbit  characteristics  of  the  Design  D(94) 
structure,  taking  into  account  the  effects  of  space  charge, 
changing  bunch  geometry,  reactive  phase  distortion  and  power 
transfer  to  the  beam  and  circuit  are  shown  plotted  in  Figure  2 
for  an  injected  bunch  width  of  20°  at  two  different  entry  phase 
intervals  and  for  zero  and  200  mA  beam  loading  at  a  580  keV 
injection  energy.  The  curves  indicate  that  for  an  injection 
phase  interval  between  105°  and  125°,  the  bunch  advances 
only  1°  due  to  beam  loading  and  emerges  with  narrow  spectra 
and  a  longitudinal  phase  space  of  <2°,  i.e.,  a  bunch  width  of 
less  than  1/3  of  a  picosecond.  An  indication  of  the  versatility 
of  the  linac  system  is  given  by  the  results  of  phase  orbit 


Table  II.  17  GHz  Linac  Structure  Design  D(94)  Parameters 

Operating  Frequency  in  Vacuo  at  22°C .  17.136  GHz 

Total  Voltage  Attenuation .  0.59  Np 

Input  Group  Velocity .  0.0474c 

Output  Group  Velocity .  0.0196c 

Harmonic  Mean  Group  Velocity .  0.0316c 

Filling  Time .  57.8  ns 

Shunt  Impedance  Range . 100.3  124.1  Mfl/m 

OuQ>ut  Phase/Frequency  Sensitivity . 20.8  deg/MHz 

Output  Phase/Frequency  Sensitivity .  5.9  deg/°C 

Steady-State  Beam  Loading  Derivative . 13.3  MeV/A 

Accelerating  Gradient  at  Zero  Beam  Loading  — 

Maximum  in  Cavity  No,  76 .  14N  Po(MW)  MV/m 

Maximum  Surface  Electric  Field -  30.5N  Po(MW)  MV/m 


computations  using  the  same  injection  conditions  as  in  Figure  2 
((j)o=  105  to  125°)  but  with  the  input  RF  power  lowered  from 
20  to  10  MW.  For  these  conditions,  the  emergent  phase  (8^) 
is  delayed  28°  (from  -88°  to  -1 16°),  the  200  mA  loaded  beam 
energy  is  reduced  from  25.7  to  17.1  MeV,  and  the  bunch  width 
is  increased  by  only  20%,  to  1.2°.  (Increasing  the  operating 
frequency  by  1080  kHz  will  re-advance  5^,  causing  V^  to  be 
increased  by  3%  and  the  bunch  width  to  be  reduced  by  4%.) 
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Figure  2:  Phase  Orbit  Characteristics  of  a  17.136  GHz,  Vp=c, 
Quasi-Constant  Gradient  TW  Linac  Structure  [Design  D(94)] 
for  an  Injection  Energy  of  Vq=  580  keV  at  ip=:0,  and  at  a 
Steady-State  Beam  Loading  of  ip=200  mA,  for  an  Entry  Beam 
Diameter  of  2  mm. 
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Figure  3:  HRC-PRELOR  Plots  of  the  550  kV  Chopper-Prebuncher  System  Showing  Progressive  Bunch  Compression  and  the 
Transverse  Phase  Space  during  Beam  Traversal  of  the  Final  Drift  Space  Prior  to  Injection  into  the  17  GHz  Accelerator  Structure, 
(Prebuncher  Drift  =  30  cm,  Thin  Lens  Peak  Field  =  2400  gauss,  ip  =  320  mA,  Beam  Waist  at  Injection  =  2.1  mm.) 


III.  17  GHz  CHOPPER-PREBUNCHER 

A  550  kV  electron  gun,  chopper-prebuncher,  three  lens 
injection  system  has  been  designed  to  satisfy  the  stringent 
beam  specifications  at  entry  to  the  linac,  [^yE  ^  5k  mm- 
mradians,  ApQ<0.3%  (±5  keV)  and  A(j)o<20°  (including  5°  of 
phase  modulation  due  to  gun  voltage  variations)].  A  biased, 
RF  magnetic  field  chopping  system  [2]  will  be  used  to  produce 
fully  gated  bunches  at  17.136  GHz  so  that  electrons  are 
injected  into  the  linac  only  during  periods  when  the  RF 
deflection  is  passing  through  a  reversal,  i.e.,  when 
Pjl  and  dpjdcot  0.  A  high  field  prebuncher  cavity  with  a 
short  drift  space  and  final  focusing  lens  has  been  designed  to 
give  10:1  charge  compression,  with  the  initially  introduced  50 
keV  energy  spread  being  reduced  to  <10  keV  by  the  beam 
focusing  and  bunching  space  charge  forces,  prior  to  injection 
into  the  linac.  Figure  3  shows  a  simulation  of  the  space 
charge  influenced  energy  and  charge  distributions  within  the 
compressing  bunch  as  it  diverges  from  the  chopper  collimator 
through  the  final  drift  space  lens  and  is  re-converged  to  a  waist 
at  entry  to  the  accelerator  waveguide.  These  ip=  320  mA  beam 
bunching  computations,  based  on  an  initial  multi-annular 
model  having  a  prolate  spheroidal  geometry  with  nonuniform 
longitudinal  and  radial  charge  distributions,  indicate  that  >90% 
of  the  charge  will  be  injected  into  the  linac  with  an  energy 
spread  of  8.8  keV  and  a  longitudinal  phase  space  of  less  than 
15°  (in  the  absence  of  phase  modulation  due  to  gun  voltage 
variations).  The  linac  phase  orbit  characteristics,  based  on  the 
Figure  3  injected  electron  energy  and  charge  distributions,  are 
shown  in  Table  III  and  confirm  the  high  probability  of 
demonstrating  a  20  MeV  beam  with  160  femtosecond  bunches 
and  a  bunch  current  of  100  A. 


Table  III. 

Phase  Orbit  Performance 

of  the  Design  D(94) 

17  GHz 

Linac  Structure 

Based  on 

the  Figure  3  Injected 

Bunch  Characteristics  (ip  = 

320  mA,  P 

o  =  20  MW). 

Input  Orbits 

Exit  Orbits 

Vo 

*1*0 

Va 

(MeV) 

(dee) 

(MeV) 

(dee)  (dee) 

0.544 

121.00 

24,270 

-91.01 

0.545 

118.28 

24.219 

-91.08 

0.546 

115.57 

24.172 

-91  22 

0  93 

-91.29 

0.548 

113.39 

24.137 

0.550 

109.86 

24.106 

-91.74 

0.553 

107.19 

24.092 

-91.94 
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Abstract 

Experimental  evidence  for  the  acceleration  of  electrons 
in  a  relativistic  plasma  wave  generated  by  Raman  forward 
scattering  (SRS-F)  of  a  single-frequency  short  pulse  laser 
are  presented.  A  1.053  |im,  600  fsec,  5  TW  laser  was 
focused  into  a  gas  jet  with  a  peak  intensity  of  8x10^^ 
W/cm^.  At  a  plasma  density  of  2x10-^^  cm'"^^  2  MeV 
electrons  were  detected  and  their  appearance  was  correlated 
with  the  anti-Stokes  laser  sideband  generated  by  SRS-F. 
The  results  are  in  good  agreement  with  2-D  PIC 
simulations.  The  use  of  short  pulse  lasers  for  making  ultra- 
high  gradient  accelerators  is  explored. 

L  INTRODUCTION 

There  have  been  many  recent  analyses  on  the  stability 
of  short  laser  pulses  propagating  through  underdense 
plasmas. [l]-[5]  These  analyses  have  shown  that  such 
pulses  are  susceptible  to  several  instabilities  which  can 
generate  large  plasma-wave  wakes.  One  such  instability  is 
stimulated  Raman  forward  scattering  (SRS-F).  SRS-F  is  a 
parametric  instability  in  which  an  incident  electromagnetic 
wave  decays  into  an  electron  plasma  wave  (cOp^k^) 

and  two  forward  propagating  electromagnetic  waves  at 
frequency  (O^^-cOp  (Stokes)  and  co^+cOp  (anti-Stokes),  where 
C0p=(47i)e^no/m)^^  .[6]  Energetic  electrons  are  generated  by 
the  resulting  electron  plasma  wave.  The  simultaneous 
observation  of  the  Stokes  and  anti-Stokes  features  and 
energetic  electrons  is  the  strongest  evidence  for  the 
excitation  of  SRS-F.  The  few  previous  experimental 
observations  of  the  spectral  signature  of  SRS-F  [7]  and  the 
energetic  electrons  associated  with  the  Raman  forward 
scatter[8]  were  obtained  using  long  pulse  lasers  (>10  psec). 
The  development  of  short  pulse,  high  intensity  laser 
systems  in  recent  years  has  provided  a  new  experimental 
regime  in  which  to  study  SRS-F.  The  experiments  and 
supporting  particle-in-cell  (PIC)  simulations  described  here 
show  both  the  spectral  features  and  accelerated  electrons, 
clear  evidence  of  forward  stimulated  Raman  scattering  in 
short  pulse,  high  intensity,  underdense  plasma  interactions. 


IL  EXPERIMENTS 

In  these  experiments,  a  1.053  |xm,  600  fsec,  5  TW  laser 
was  focused  with  an  f/8.2  aspheric  lens  into  a  burst  of 
helium  exiting  a  gas  jet,  generating  a  plasma 
approximately  0.8  mm  long.  [9]  The  peak  laser  intensity 
used  was  approximately  8x10^^  W/cm^  =  0-8)-  The 

plasma  density  was  varied  by  varying  the  backing  pressure 
of  the  gas  jet  (200-1000  psi);  the  plasma  density  ranged 
from  1x10^^  cm-^  to  2.5x10^^  cm’^.  Near  forward 
scattered  light  (5^-7^  from  the  laser  axis)  was  collected  and 
spectrally  analyzed  using  a  0.25  m,  150  grooves/mm 
spectrometer  coupled  to  a  liquid  nitrogen  cooled  silicon 
CCD  camera. 

The  first  and  second  anti-Stokes  features  were  clearly 
observable  in  these  spectra,  as  shown  in  figure  1.  The  Aco 
between  the  first  and  second  anti-Stokes  and  between  the 
pump  and  the  first  anti-Stokes  is  the  same  to  within  3%. 
Poor  sensitivity  of  the  CCD  for  wavelengths  greater  than 
1100  nm  precluded  observation  of  the  Stokes  features. 
Although  not  shown  here,  the  density  inferred  from  the 
frequency  shift  of  the  first  anti-Stokes  feature 
monotonically  increased  with  the  backing  pressure  of  the 


800  1000  1200 
wavelength  (nm) 


Figure  1:  Spectrum  of  the  near-forward  scattered  light  (5^- 
7^  from  the  laser  axis)  showing  the  pump  and  two  anti- 
Stokes  sidebands. 
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High  energy  electrons  produced  by  the  forward  SRS 
were  measured  with  a  90^  bending  magnet  electron 
spectrometer  placed  eight  centimeters  past  the  jet  in  the 
direct  forward  path  of  the  laser.  Electrons  escaping  the 
plasma  in  an  f/4  cone  were  deflected  by  the  magnet  and 
detected  using  a  1  mm  thick  silicon  surface  barrier  detector 
(SBD).  The  magnetic  field  (1.5  kG)  was  chosen  to  collect 
2.0±0.1  MeV  electrons  in  these  experiments.  The  SBD 
^  was  shielded  to  minimize  the  direct  x-ray  flux.  Additional 
shielding  blocked  the  line  of  site  between  the  plasma  region 
and  the  SBD,  ensuring  that  electrons  reaching  the  SBD 
were  deflected  with  the  magnet.  A  second  SBD  was  placed 
15  cm  from  the  gas  jet  135^  from  the  laser  propagation 
direction  to  monitor  x-ray  signal.  The  x-ray  contribution  to 
the  signal  on  the  electron  SBD  was  measured  by  reversing 
the  magnet  polarity  and  correlating  the  x-ray  signals 
measured  on  the  two  detectors.  The  electron-plus -x-ray 
was  then  measured  on  the  electron  detector  with  the  correct 
polarity  B  field  while  the  control  detector  measured  the  x- 
ray  contribution.  In  this  manner,  the  x-ray  contribution 
(typically  about  10%)  to  the  electron  signal  could  be 
subtracted. 


Figure  2:  Correlation  of  the  2.0  MeV  electron  signal  with 
the  amplitude  of  the  first  anti-Stokes  feature  (open  circles). 
The  solid  triangles  represent  signal  on  the  electron  detector 
when  the  magnet  polarity  was  reversed  (null  tests). 

The  electron  measurements  were  made  at  or  near  800 
psi,  the  pressure  at  which  the  anti-Stokes  levels  were 
highest.  The  electron  signal  was  generally  seen  to  increase 
with  an  increase  in  the  anti-Stokes  level  whereas  the  x-ray 
noise  level  remained  more-or-less  constant.  This 
correlation  is  illustrated  in  figure  2  (open  circles).  The 
results  of  a  null  experiment  are  also  shown  in  figure  2 
(solid  triangles).  The  null  values  were  obtained  by 
reversing  the  polarity  of  the  magnet,  i.e.,  deflecting 
energetic  electrons  away  from  the  electron  SBD. 


III.  SIMULATIONS 

The  advent  of  massively  parallel  supercomputers  has 
made  possible  more  realistic  modeling  of  short  pulse  laser- 
plasma  experiments  than  in  the  past;  i.e.,  the  spatial 
dimensions  (transverse  and  longitudinal),  laser  pulsewidth, 
laser  to  plasma  frequency  ratio,  and  propagation  distance  in 
the  simulation  are  the  same  as  in  the  experiments.  We  have 
develped  a  parallelized  fully  relativistic,  two  dimensional 
electromagnetic  PIC  code  which  uses  the  basic  algorithm  of 
ISIS  on  a  cyclic  mesh.  [5]  The  computational  box  is  a  8192 
X  256  cartesian  grid  and  the  simulations  follow  1.2x10^ 
particles  for  3x10^  time  steps.  The  main  difficulties  with 
quantitatively  modeling  the  experiment  are  that  the  noise 
level  in  the  simulation  is  typically  larger  than  than  in  the 
experiment  and  that  the  simulations  are  two  dimensional 
(slab  geometry). 

In  order  to  model  the  experimental  conditions 
accurately,  an  estimate  of  the  effective  plasma  length  is 
required.  This  estimate  was  made  by  performing  a  series  of 
simulations  which  covered  a  range  of  laser  intensities  and 
plasma  densities:  (A)  Wosc^o=Q,33,  (B) 

co^/cOp=10,  vo5c/c=0.8,  and  (C)  C0c>/(0p=5,  v^jc/c=0.5.  In 
each  simulation,  the  laser  pulse  duration  was  600  fsec,  the 
plasma  was  preformed  with  a  uniform  density,  and  the  ions 
were  immobile.  The  evolution  of  the  electron  distribution 
function  and  the  electromagnetic  mode  spectra  were 
monitored  as  a  function  of  distance  the  rising  edge  of  the 
laser  pulse  propagated  into  the  plasma. 

In  figure  3,  we  show  for  simulation  B  the  electron 
distribution  function,  f(Px),  and  the  k  spectrum  of  the  laser, 
E3(k;cJcp,  after  the  pulse  has  penetrated  0.48  mm  and  0.64 
mm  into  the  plasma.  We  calculate  the  total  energy  within 
each  anti-Stokes  line  and  find  that  after  0.64  mm  (0.48 
mm),  the  ratio  of  anti-Stokes/pump  =  0.06  (0.006)  and 
second  anti-Stokes/anti-Stokes  =  0.04  (in  the  noise).  The 
experimentally  measured  ratios  at  5^-7^  for  the  anti- 
Stokes/pump  and  the  2nd  anti-Stokes/1  st  anti-Stokes  were 
0.034  and  0.027  respectively.  The  second  anti-Stokes  was 
not  seen  on  every  shot  and  there  was  substantial  shot-to- 
shot  variation  (factor  of  2)  in  the  normalized  anti-Stokes 
level.  The  results  from  the  experiment  and  the  simulations 
are  in  reasonable  agreement,  within  the  shot-to-shot 
variation,  for  a  plasma  length  of  0.64  mm.  Importantly  this 
distance  is  less  than  the  presumed  dimension  of  the  gas  jet. 
In  addition,  the  edge  of  the  electron  distribution  does  not 
exceed  2  MeV  until  the  laser  has  penetrated  0.48  mm  into 
the  plasma  (figure  3(a)),  It  extends  to  5  MeV  after  0.64 
mm  of  plasma,  with  a  few  electrons  at  20  MeV  (figure 
3(b)).  We  emphasize  that  in  simulation  A  (v^,5c/c=0.33),  no 
MeV  electrons  or  higher  order  anti- Stokes  sidebands  were 
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observed  for  laser  penetration  distances  less  than  1  mm. 
Furthermore,  the  simulations  show  that  if  the  interaction 
length  is  extended  to  1.3  mm,  the  maximum  energy  of  the 
self-trapped  electrons  approaches  60  MeV. 


[5]  C.  B.  Decker,  PhD.  Dissertation,  UCLA-PPG  #1526 
(1994);  C.  B.  Decker  et  al,  Phys.  Rev.  E  50,  R3338 
(1994), 

[6]  D.W.  Forslund  et  al,  Phys.  Fluids  18, 1002  (1975)  and 
references  therein;  K.  Estabrook  and  W.L.  Kruer, 
Phys.  Fluids  26, 1892  (1983). 
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Figure  3:  The  electron  distribution  function  at  (a)  0.48  mm 
and  (b)  0.64  mm  and  the  corresponding  electromagnetic  k 
spectrum  at  (c)  0.48  mm  and  (d)  0.64  mm  for  C0o/a)p=10 
andvosc/c=0.8. 


IV.  CONCLUSIONS 

To  summarize,  forward  stimulated  Raman  scatter  was 
observed  in  short  pulse,  high  intensity  laser,  underdense 
plasma  interaction  experiments.  Two  anti-Stokes  features 
were  resolved  in  the  near-forward  spectra.  Electrons 
accelerated  to  2  MeV  were  monitored  and  correlated  with 
the  first  anti-Stokes  feature  of  the  SRS-F.  The 
experimental  results  are  in  good  agreement  with  PIC 
simulations  results.  The  simulations  show  that  if  the 
interaction  length  could  be  extended  to  1.3  mm,  the 
electrons  would  be  accelerated  to  energies  as  high  as  60 
MeV  by  gradients  of  order  100  GeV/m.  Therefore  a  short 
pulse,  single-frequency  laser  could  form  the  basis  of  a 
robust,  ultra-high  gradient,  modest  beam  quality  electron 
accelerator. 

This  work  is  supported  by  U.S.  DOE  grant  number 
DE-FG03-92ER40727  (UCLA)  and  DOE  contract  number 
W-7405-ENG-48  (LLNL). 
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Abstract 

We  report  on  some  of  the  recent  theoretical  and 
computational  results  at  UCLA  and  USC  on  plasma-based 
accelerator  concepts.  Topics  discussed  include  beat-wave 
excitation  from  short-pulse  lasers,  self-trapped  electron 
acceleration  from  self-modulational  instabilities  and 
Wakefield  excitation  in  preformed  channels. 

INTRODUCTION 

For  some  time  now  plasma  structures  have  been 
considered  as  the  basis  for  future  accelerators.  The  plasma 
serves  two  purposes:  (1)  the  plasma  has  no  breakdown 
limits  because  it  is  already  ionized  and  (2)  the  plasma 
supports  large  longitdinal  waves.  In  these  waves  the 
electrons  oscillate  back  and  forth  at  C0p=(47ce^n/m)^^^  due 
to  the  space  charge  of  the  immobile  ion  background 
irrespective  of  the  wavelength.  Therefore  by  properly 
phasing  these  oscillations  it  is  possible  to  create  a  wave 
with  =  C,  i.e.,  a  relativistic  plasma  wave.  In  such  a 

wave  electrons  can  acquire  relativistic  energies  before 
they  dephase  from  the  wave.  The  accelerating  gradient  of 

a  relativistic  plasma  wave  is  given  by  £^Jn  V  /  cm  where 
n  is  the  plasma  density  in  cm'^  and  e  is  the  density 
perturbation  of  the  wave.  For  a  density  of  10^^  cm'^ 
gradients  of  10  GeV/m  are  possible  in  a  plasma. 

Relativistic  plasma  waves  can  be  generated  by 
propagating  either  intense  laser  beams'  or  intense  particle^ 
beams  through  a  plasma.  During  the  past  two  years  there 
have  been  severad  exciting  experimental  results  on  laser 
beam  excitation, so  in  this  brief  report  we  limit  the 
results  to  those  related  to  laser-plasma  accelerators. 

In  1979,  Tajima  and  Dawson'  published  the 
seminal  paper  on  laser-plasma  accelerators.  They  showed 
that  relativistic  plasma  wave  wake  is  excited  behind  a 
short  pulse  with  a  pulse  length  matched  to  half  a  plasma 
wavelength,  Lp  =  TCc/cOp.  This  is  now  called  the  Laser 
Wakefield  Accelerator  (LWFA).^  In  addition,  Tajima  and 
Dawson  suggested  two  alternative  ways  to  excite  a  plasma 
wave:  1)  use  two  longer  pulses  with  a  frequency  separation 
equal  to  (Op  to  resonantly  excite  a  wave  or  2)  rely  on  a  long 
pulse  to  undergo  the  Raman  forward  scattering  instability.’ 
The  first  is  now  called  the  Plasma  Beat  Wave  Accelerator 
(PBWA)  and  the  second  is  related  to  a  scheme  named  the 
self-modulated  LWFA.^  We  will  present  some  results 
related  to  each  scheme. 

PBWA 

Theory,®  simulations®  and  experiments^  make  it 
poignantly  clear  that  the  PBWA  will  work  best  for  pulse 
lengths  matched  to  the  Rosenbluth  and  Liu  detuning  time 


and  less  than  an  ion  period.  Laser  technology  now  makes  it 
possible  to  generate  pulses  which  satisfy  these  constraints 
for  plasma  densities  above  10'^  cm‘l  Based  on  these 
considerations,  we  have  investigated  the  feasibility  of  a  1 
GeV  PBWA  experiment  using  existing  technology.'®  The 
proposed  parameters  are  given  in  Table  I.  The  parameters 
were  modeled 


Laser  wavelengths 

1.05  |xm  and  1.06  |im 

Plasma  Density 

lO^^cm"”^ 

Plasma  Source 

Multiphoton  Ionization 

Laser  Pulselength 

4  ps 

Laser  Power 

14  TW 

Laser  Spot  Size  (2o) 

200  |im 

Rayleigh  length  (Zr) 

3.1  cm 

Plasma  Homogeneity 

±  7% 

Peak  Plasma  Wave 

0.5 

Amplitude 

Peak  Gradient 

160  MeV/cm 

Final  Energy 

1  GeV 

TABLE  1. 


using  a  combination  of  simulation  codes.  In  Fig.  la  we  plot 
the  peak  accelerating  wave  amplitude  as  a  function  of 
axial  position.  These  amplitudes  were  obtained  by 
integrating  the  Rosenbluth  and  Liu  envelope  equations  for 
each  local  position 

within  the  focal  cone  of  the  laser.  Treating  each  position 
locally  has  been  verified  in  PIC  simulations®  as  long  as  the 
spot  size  exceeds  a  few  c/cOp.  In  Fig.  lb  results  from  a  2-D 
PIC  simulation  which  uses  a  prescribed  ponderomotive 
force  are  presented.  This  simulation  demonstrates  that  near 
the  focus  the  plasma  wave  is  nearly  planar.  The  peak 
accelerating  gradient  corresponds  to  15  GeV/m.  In  Figs.  Ic 
and  Id  we  show  the  results  from  test  particle  simulations 
using  the  accelerating  field  of  Fig.  la.  The  injected  beam 
is  a  1  nC,  4  ps  long  continuous  e-beam  at  an  energy  of  10 
MeV  with  a  spot  size  of  20  [im  and  an  emittance  of  .1  mm- 
mr.  The  results  show  that  10®  (2%  of  the  injected) 
electrons  are  accelerated  into  microbunches  30  fs  long 
separated  by  300  fs.  To  illustrate  the  evolution  of  these 
short  laser  pulses  as  they  propagate  through  a  Rayleigh 
length  of  plasma,  we  present  results  from  a  1-D  PIC 
simulation  in  Fig.  2.  We  show  the  accelerating  field  and 
the  laser  envelope  after  the  laser  has  gone  through  a 
Rayleigh  length  (10  pulse  lengths)  of  plasma.  The  plasma 
wave  and  the  envelope  look  almost  identical  to  their  initial 
profiles.  We  end  this  section  by  noting  that  experimental 
design  parameters  can  also  be  put  forth  for  bunching 
electron  beams  at  lower  energies,  e.g.,  100  MeV. 
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FIGURE  1.  Simulation  results  for  a  possible  1  GeV 
PBWA  experiment. 
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FIGURE  2.  1-D  PIC  simulation  results  of  the  1  GeV 
design  for  a  laser  propagating  through  a  Rayleigh  length  of 
plasma. 


Self-Modulated  LWFA 

It  has  been  well  known  that  beat  wave  excitation 
is  related  to  a  laser-plasma  instability  called  Raman 

forward  scattering  (RFS).^»^’^^  However,  RFS  was  not 
considered  a  serious  accelerator  concept  because  its  growth 
rate  was  slow  enough  that  ion  motion  disrupted  the 
acceleration  process.  Simulations  showed  that  this  and 
wavebreaking  led  to  inefficient  acceleration  and  low  beam 
quality. 

The  development  of  short-pulse  lasers  has  led  to 
new  work  and  ideas  for  the  use  of  laser  instabilities.  In 
1992,Antonsen  and  Mora^^  and  Sprangle^^  et  al. 
demonstrated  by  using  fluid  codes  that  a  short  pulse  high- 
intensity  laser  will  self-modulate  in  a  distance  of  a  few 
Rayleigh  lengths  and  generate  large  wakes.  Recently, 
Krall  et  al.^  and  independently  Andreev  et  al.^,  investigated 
the  feasibility  of  using  these  wakes  for  an  accelerator. 
Krall  et  al  call  this  concept  the  self-modulated  LWFA. 

We  have  been  investigating  the  stability  of  short- 
pulse  lasers  using  particle-in-cell  codes  rather  than  fluid 


codes.  In  addition  we  have  been  investigating  the 
theoretical^  differences  between  RFS  of  short-pulses  and 
the  self-modulation  instability  of  Esarey  et  al.*^  For  brevity 
we  only  present  the  simulations  results  while  the 
theoretical  results  can  be  found  in  the  references.^^  The 
simulations  are  done  using  a  parallelized  version  of  ISIS 
with  a  moving  grid.  These  improvements  make  it  possible 
for  the  first  time  to  simulate  the  actual  spatial  and  temporal 
scales  of  a  laser-plasma  accelerator  experiment  using  a  2-D 
fully  explicit  PIC  code."^  The  experimental  parameters  are 
X  =  I  pm,  I  =  10^^  W/cm^,  Xp  =  600  fs,  n  =  1  x  10^^  cm‘^ 
and  Wo  =18  pm.  These  parameters  are  representative  of 
both  the  LLNL"^  and  RAL^  laser  systems.  Typical 
simulations  results  are  shown  in  Figs.  3  and  4.  These 
results  show  that  under  most  situations  RFS  of  a  short 
intense  laser  pulse  inevitably  leads  to  self-trapped 
electrons.  In  Figs.  3a  and  3b  the  evolution  of  the  laser 
pulse  is  shown.  It  is  clear  that  the  laser  pulse  breaks  apart 
into  beamlets  spaced  at  the  plasma  wave  wavelength  in 
distances  less  than  a  Rayleigh  length.  This  breakup  is 
dominated  by  RFS  as  illustrated  by  the  power  spectrum  in 
Fig.  3c  which  shows  multiple  stokes  and  anti-stokes 
sidebands.  This  beam  breakup  results  in  the  plasma  wave 
evolution  depicted  in  Figs.  3d-g.  The  wave  amplitude 
never  reaches  the  cold  wavebreaking  value  because  it  self- 
traps  large  amount  of  Raman  back  and  sidescattered 
generated  electrons.  The  electron  distribution  function  is 
shown  in  Fig.  4  for  two  different  propagation  distances.  Fig. 
4a  is  representative  of  the  LLNL  interaction  length  while 
Fig.  4b  is  representative  of  the  RAL  interaction  length.  For 
the  plasma  density  simulated,  n  =  10^^  cm‘\  the  maximum 
electron  energy  saturates  at  ~  60  MeV.  These  simulation 
results  are  in  good  quantitative  agreement  with  the  LLNL 
experimental  results."^  The  exact  RAL  parameters  have  not 
yet  been  simulated.  The  PIC  simulations  clearly 
demonstrate  that  RFS  and  other  self-modulational  type 
instabilities  can  lead  to  self-trapped  electrons  generating  a 
high  current,  10  kA,  poor  beam  quality  electron  beam.  The 
experimentally  inferred  accelerating  gradients  are  ~  100 
GeV/m. 


LWFA  IN  A  HOLLOW  CHANNEL 

In  any  accelerator  the  energy  gain  is  given  by 
qjd£^  E .  In  plasma  accelerators  the  gradient  qE  can  be 

very  large  but  the  interaction  length  J  di  can  be  limited. 

One  limitation  is  the  diffraction  length  of  the  laser.  To 
overcome  this,  methods  for  optical  guiding  are  being 
actively  investigated.*^  One  method  is  to  guide  a  laser 
pulse  in  a  hollow  plasma  channel  where  the  density  at  the 
channel  wall  is  still  much  less  than  the  critical  density.*"* 
However,  since  the  channel  is  completely  evacuated,  the 
plasma  wave  wake  will  not  be  excited  in  the  same  manner 
as  in  the  conventional  LWFA.  We  have  investigated  the 
wakes  created 
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FIGURE  3.  Results  from  a  2-D  PIC  simulation  which  models  experiments  at  LLNL  and  RAL. 


FIGURE  4.  Distribution  functons  of  the  self-trapped  electrons  from 
the  2-D  PIC  simulation.  P  is  normalized  to  me. 


FIGURE  5.  The  accelerating  wake  generated  by  a 
short-pulse  laser  propagating  in  a  hollow  channel. 


by  a  short-pulse,  propagating  in  such  a  channel.  The  wake 
is  supported  by  surface  currents  excited  at  the  channel 
boundaries  by  the  ponderomotive  force  of  the  laser.  We 
find  for  sufficiently  narrow  channels  that  the  accelerating 
gradient  on  axis  is  only  slightly  lower  than  that  achieved  in 
the  conventional  LWFA.  Furthermore,  the  accelerating 
wake  is  uniform  across  the  channel  and  the  focusing  wake 
varies  linearly  across  the  channel.  These  wake  properties 
are  advantageous  for  generating  high  quality  beams.  This 
is  illustrated  in  Fig.  3  where  the  accelerating  wake 
obtained  in  a  PIC  simulation  is  presented.  The 
disadvantages  of  these  scheme,  (and  other  wakefield 
schemes  in  a  channel),  is  that  the  wake  is  susceptible  to 


resonance  absorption  at  the  channel  walls.  More  details 
can  be  found  in  the  references. 

Conclusions 

We  briefly  review  some  of  the  recent  work  done  at 
UCLA  and  USC  on  laser-plasma  accelerators.  This  field 
has  been  bolstered  by  several  laser-plasma  experiments. 
Based  on  these  results  we  believe  it  is  possible  to 
demonstrate  in  a  PBWA  experiment  bunching  of  injected 
particles  in  the  energy  range  of  100  MeV  to  1  GeV  using 
existing  technology.  Furthermore,  single  frequency 
excitation  of  wakes  could  form  the  basis  of  a  robust, 
modest  energy,  ultra-high  gradient  but  poor  beam  quality 
accelerator. 

Work  supported  by  U.S.  Department  of  Energy  under  grant 

numbers  DE-FG2-92ER40727  and  DE-FG03-92ER40745. 
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ABSTRACT 


the  design  is  based. 


Optimum  operation  of  a  plasma  beat-wave  or  wakefield 
accelerator  requires  an  injected  beam  consisting  of  a  train  of  electron 
bunches  separated  by  the  plasma  wavelength,  with  each  bunch  in  the 
train  having  a  length  much  shorter  than  the  plasma  wavelength,  and 
the  capability  of  controlling  the  relative  phase  of  the  electron  bunches 
and  plasma  wave.  The  typical  plasma  wavelength  is  about  0.1  mm, 
requiring  a  bunch  length  of  about  10  to  20  pm,  which  is  difficult  to 
achieve  with  conventional  RF  based  injectors.  In  this  p^r  we 
describe  an  electron  accelerator-buncher  system  based  on  a 
photoinjector  and  an  FEL,  which  can  satisfy  the  plasma  accelerator 
requirements. 

INTRODUCTION 

An  injector  of  up  to  25  MeV  beam  energy  is  proposed  to  supply  the 
Plasma  Beat  Wave  Accelerator  (PBWA)  [1]  with  a  high  quality  ^  = 
05  It  mm-mrad  at  full  energy)  electron  beam  of  sufficient  intensity  (~ 
I  nC  per  pulse)  to  allow  c^ture  and  acceleration  by  the  PBWA  of  a 
significant  number  of  electrons  to  the  GeV  energy  range.  The  injector 
will  be  based  on  provai  technology  fi:om  the  Satumus  laboratory  [2], 
witti  upgrades  of  both  the  BNL  RF  gun  [3],  and  the  Plane  Wave 
Transformer  (PWT)  accelerator  [4].  The  system  will  provide  1  nC 
average  micropulse  charge  focused  to  a  100  |jm  spot  diameter  at  the 
injection  point  A  FIR  FEL  is  proposed  as  an  optical  pre-bunche:. 
Phase  locked  pre-bunching  of  the  electron  pulse  into  10  -  20  pm  long 
buncMets  will  allow  control  of  the  relative  phase  of  the  electron 
bunchlet  and  the  plasma  wave.  Such  control  will  aid  in  riiiiiirnizing 
PBWA  electron  beam  final  energy  spread  and  emittance.  The  optical 
pre-buncher/  final  focus  system  may  need  to  be  an  achromatic  and 
isochronous  system  to  second  or  perhs^s  third  order  to  maintain  the 
bunchlets  shape  ate  exiting  the  optical  resonator. 

PBWA  REQUIREMENTS 

A  PBWA  operates  by  mixing  two  lines  from  a  drive 
laser  in  a  plasma  whose  parameters  are  chosen  so  that  the 
beat  between  the  laser  lines  matches  the  plasma  frequency. 
We  assume  a  multi-terawatt  1  pm  laser  system  as  the  drive 
laser  system  for  the  PBWA.  The  PBWA  requirements  dictate 
the  design  of  the  injector  so  that  efficient  matching  can 
occur.  Table  1  shows  the  top  level  parameters  upon  which 


the  design  is  based. 


TABLE  I 


- 

Parameter 

Design  Value 

Emittance  (unnormalised, 

0.5  7C  mm-mrad 

rms.) 

Energy  spread  (rms.) 

2% 

Injector  beam  energy 

>2  MeV 

Average  charge  in  bunch 

InC 

(bunchlet) 

(10*  e) 

Bunchlet  length 

30  -  60  fs 

Bunchlet  diameter  (2a) 

<200  pm 

Phase  Control 

absolute 

+\- 1  ps 

relative 

<30  fs 

Injection  phase  control  of  the  bunchlets  facilitates 
optimization  of  the  PBWA  for  acceleration,  reducing  the  energy 
spread  and  emittance  of  the  PBWA  accelerated  beam  Absolute 
timing  is  relaxed  because  the  electron  pulse  can  be  much  longer  than 
the  laser  pulse.  Howev^  relative  timing  of  the  plasma  beat  waves 
with  the  electron  bunchlets  becomes  necessary.  A  nonlinear  optics 
control  method  of  phase  locking  bunchlet  formation  to  the  beat  wave 
produced  by  the  lasers  is  necessary.  Several  possibilities  exist  to 
achieve  this  and  detailed  studies  will  be  done  to  identify  the  most 
likely  candidates  so  that  the  issue  will  be  resolved  before  the  optical 
bunching  experiment  is  begun.  We  note  that  the  options  include:  1) 
Use  of  a  beatwave-plasma  interaction  to  produce  100  pm  phase 
locked  radiation  to  seed  an  FEL  anplifier  and;  2)  use  of  nonlinear 
index  of  refi:action  changes  in  a  plasma,  due  to  a  plasma  beat-wave 
interaction,  to  control  the  q)tical  path  length,  thus  the  relative  phase, 
of  100  pm  light 

The  baseline  injector  system  uses  the  technology  of  the 
Satumus  expaiment  The  Satumus  hardware  represoits  all  the 
hardware  needed  for  the  injector,  except  for  the  experiment  specific 
final  focus  into  the  PBWA,  and  phase  locking  of  the  electron  pulse  to 
the  PBWA  laser  system 
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strength. 


INJECTOR  DESCRIPTION 

A  standard  RF  power  system  consisting  of  a  modulator  and 
klystron  runs  a  photo^thode  RF  gun  (0-5  MeV)  and  an  PWT  (pulse 
wave  transformer)  accelerator  section  (5-25  MeV).  The  electron 
beam  g^erated  in  the  gun  is  focused  by  bucking  solenoids  so  that  it 
has  proper  size  entering  the  accelerator.  X-Y  steering  magnets  correct 
for  any  small  mechanical  misalignments.  After  exiting  the 
accelerator  section  the  beam  travels  through  a  beamline  guided  and 
focused  by  dipole  and  quadrapole  magnets.  These  magnets  match  the 
electron  pulse  into  the  FIRFEL  for  prebunching.  A  final  transport 
section  matches  the  beam  into  the  PBWA  for  acceleration  by  the 
plasma  wave. 

The  modulator  and  klystron  provide  up  to  35  MW, 
approximately  7  MW  to  the  electron  gun  and  the  rest 
available  to  the  PWT.  The  design  of  the  modulator  is  taken 
from  the  present  modulator  for  the  Satumus  experiment, 
capable  of  running  at  5  pps.  The  klystron  will  be  a  SLAC 
XK-5  of  which  UCLA  currently  has  two  available  for  this 
project. 

Fourth  harmonic  light  of  the  PBWA  laser  drives  the 
photocathode.  Tbe  gun  itself  is  the  second  generation  of  the 
successful  Brookhaven  National  Laboratory  rf  gun.  A  slight 
modification  of  the  length  of  the  first  cavity,  to  0.6  X,  results  in  an 
increased  electron  beam  brightness  (a  decrease  in  beam  emittance) 
over  the  original  "half  cavity"  design. 

The  PWT  is  a  high  gradioit  standing  wave  accelerator. 
Several  aigineering  and  fabrication  inprovements  are  proposed  for 
the  new  injector:  A  sin^lification  of  the  internal  cooling  of  the 
stmcture;  use  of  all  metal  sealing  surfaces  for  gteate  radiation 
resistance  and  better  vacuum  proparties;  redesign  of  the  "disks"  to 
reduce  the  maximum  surface  gradient  This  improved  PWT  has  been 
fabricated  and  tested  with  low  level  RF  power  and  has  been  installed 
into  the  Satumus  beamline.  In  order  to  reach  25  MeV  two  PWT 
structures  will  be  used. 

THE  PEL  AS  AN  OPTICAL  BUNCHER 

The  requirements  on  the  pre-buncher  are  that  ~10  pm 
bunches  spaced  100  pm  apart  are  injected  into  the  plasma  beat  wave 
accelerator  with  emittance  and  energy  spread  within  the  acceptance  of 
the  PBWA.  An  FEL  naturally  bunches  electrons  onto  a  fi:action  of  the 
optical  wave  being  amplified,  one  wavelength  ^art  From  this  is  it  is 
quite  clear  why  an  FEL  can  be  used  as  the  PBWA  pre-bunch^. 

Matching  opa:ation  of  the  pre-buncher  to  produce  the  beam 
desired  for  injection  into  the  PBWA  leads  to  setting  the  operating 
point  of  the  FEL  in  terms  of  energy,  undulator  length,  and  field 


GINGER  calculations  for  a  master  osdUator-power 
anq)lifier  (MOPA)  FIR  FEL  configuration  have  been  done  to  begin 
examining  the  performance  of  a  pre-buncher.  Table  n  gives  the 
GINGER  parameters  of  the  electron  and  optical  beams  studied  for  the 
oscillator  and  the  dicapMa:. 


Table  II 


Electron  Beam  P^rarneters 

Oscillator  and  Amplifier 

Electron  beam  energy 

21  MeV 

Micropulse  current 

150  A 

Micropulse  length  (fwhm) 

12  ps 

Micropulse  spacing 

10  ns 

Normalized  emittance  (edge) 

10  K  mm-mrad 

Resonator  Parameters,  osc. 

Single  pass  gain 

2.4 

Power  in  spontaneous 
emission  after  1  pass 

15  W 

Saturated  power  (peak) 

180  MW 

Resonator  length 

1.5  m 

Round  trip  time 

10  ns 

Undulator  Parameters 
Oscillator  and  Amplifier 

Undulator  period 

4  cm 

Undulator  length,  osc. 

1  m 

Undulator  length,  amp. 

0.8  m 

On  axis  magnetic  field 

1.04  T 

path  length  correction  factor 

11.3 

KV2 

The  GINGER  code  test  case  is  based  on  a 


parabolic  electron  bunch  in  z  of  total  length  16  ps.  The  undulator  is 
linear  with  external  quadrupoles  providing  focusing  in  the  wiggle 
plane. 

The  oscillator  is  assumed  to  have  60%  net  cavity 
reflectance,  with  a  net  cavity  detuning  that  is  0%  of  slippage. 

Figure  1  displays  results  fi-om  GINGER  showing  the 
bunching  of  the  electrons  at  the  end  of  the  anplifier  undulator.  The 
first  pulse  displayed,  at  a  time  1.33  ps  into  the  bunch,  demonstrates 
the  excellent  bunching  possible  through  the  FEL  mechanism.  The 
majority  of  electrons  are  clearly  bunched  very  sharply  in  phase  over 
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Figure  1: 

Electron  Beam  bunching  at  six  slices  in  time 
at  flie  an^lifier  undulator  exit 


-60°,  corresponding  to  less  than  20  |ini  The  forward  part  of  the 
electron  pulse  is  well  bunched  because  the  optical  fields  propagate 
fit)m  the  rear  to  the  6*001  due  to  the  slippage  of  the  electron  beam. 
The  bunching  parameter  is  about  0.7.  To  increase  the  number  of  well 
bunched  slices,  we  will  consider  in  future  calculations  two  potentially 
beneficial  effects:  1)  t£^)ering  the  undulator,  and;  2)  use  of  a 
waveguide  in  the  anq)lifier  to  reduce  slippage. 

The  amplifier  needs  a  source  of  100  pm  light  to  start  it. 
Two  possibilities  exist:  The  FEL  oscillator  could  be  built  as  the 
source.  The  MOPA  configuration  clearly  provides  a  complete 
solution  to  the  problem  of  getting  iOO  pm  light,  but  is  expensive  and 
does  not  solve  the  phasing  problem  between  the  bunchlets  and  the 
PBWA  heatwave.  A  second  possibility  would  be  to  use  the  heatwave 
to  produce  a  100  |Lim  seed  for  the  FEL  amplifier  directly.  This  gives 
automatic  phasing  between  the  bunchlets  and  the  wave.  An  initial 
calculation  indicates  that  injecting  the  two  lines  fi:om  the  drive  laser 
into  a  plasma  will  produce  at  least  100  kW  of  coherent  100  pm  light 
in  a  fil  cone  angle.  As  can  be  seen  from  Table  n  this  power  is 
several  orders  of  magnitude  greater  than  the  spontaneous  emission  at 
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Abstract 

We  report  on  continuing  experiments  on  the 
Plasma  Beat  Wave  Accelerator,  which  uses  an  intense  two- 
frequency  CO2  laser  pulse  to  resonantly  drive  a  large 
amplitude,  relativistically-propagating  electron  plasma 
wave  suitable  for  electron  acceleration.  Previously,  energy 
gains  of  a  factor  15  (from  2  MeV  to  30  MeV)  have  been 
obtained  [1].  Also,  collective  scattering  of  a  probe  laser 
beam  has  allowed  us  to  measure  h(cojc)  and  n((Din,t)  where 
m=l,2  are  the  fundamental  and  harmonic  of  the  large 
amplitude  plasma  wave.  This  powerful  Thomson  scattering 
technique  has  now  been  extended  to  measure  n(z,t),  where 
z  is  the  coordinate  along  the  CO2  propagation  direction. 
Nonlinear  dynamics  such  as  relativistic  detuning  and 
ponderomotive  effects  can  complicate  the  longitudinal 
amplitude  profile  and  coherence.  Experimental  results 
show  a  plasma  wave  with  a  peak  amplitude  of 
approximately  35%,  with  a  FWHM  of  100  ps,  and 
extending  for  1  cm  in  space.  These  wave  parameters  are 
consistent  with  the  observed  energy  gains  of  accelerated 
electrons. 

L  INTRODUCTION 

In  plasma  based  accelerator  schemes,  a  relativistically 
propagating  (yph  »  1)  plasma  wave  is  used  for  accelerating 
charged  particles.  Since  the  accelerating  field  is  directly 
related  to  the  plasma  wave  amplitude,  it  is  important  to 
know  both  the  spatial  and  temporal  structure  of  the  wave 
in  order  to  predict  the  energy  gain  or  loss  of  a  particle.  In 
the  Plasma  Beat  Wave  Accelerator,  a  relativistic  plasma 
wave  (RPW)  is  resonantly  excited  by  two  laser  beams  in  a 
tunnel  ionized  plasma  such  that  the  frequency  difference  of 
the  lasers  Aco  =  coq  -  co  1  is  approximately  equal  to  the 
plasma  frequency  cOp.  The  spatial  and  temporal  structure  of 
the  RPW  depends  on  many  factors,  including  the  laser 
pulseshape  and  profile,  the  plasma  ionization  and 
expansion  times,  and  the  transverse  ponderomotive  forces 
of  the  laser  and  of  the  plasma  wave  itself.  The  features  of 
the  plasma  wave  are  diagnosed  with  frequency  and 
wavenumber  resolved  Thomson  scattering. 


II.  EXPERIMENTAL  SETUP 

In  the  experiment,  the  plasma  wave  is  generated  by 
the  ponderomotive  force  exerted  on  the  plasma  electrons  by 
beating  two  frequencies  in  a  short  (150  ps  rise,  300  ps 
FWHM)  CO  2  laser  pulse.  The  laser  also  creates  the  plasma 
by  fully  ionizing  hydrogen  gas  via  tunneling  ionization, 
typically  in  the  first  20-30  psec.  The  hydrogen  gas  pressure 
is  adjusted  so  that  the  resonant  plasma  frequency  matches 
the  frequency  difference  of  the  two  laser  lines  (5i  =  10.6 
|im  and  10.3  |im).  The  initial  density  must  be  set  about  10- 
15%  higher  than  the  resonant  density  (=9.4  x  10^^  cm'^)  to 
compensate  for  plasma  blowout  induced  by  the  laser  [2]. 

The  plasma  density  fluctuations  associated  with  the 
RPW  are  measured  using  collective  Thomson  scattering 
by  a  2  ns  (FWHM),  50  MW,  0.53  jxm  optical  probe  beam 
incident  on  the  plasma  at  an  angle  of  87®  relative  to  the 
CO 2  laser  axis.  Both  the  frequency  and  wavenumber  of 
the  waves  in  the  plasma  can  be  determined  as  a  function  of 
time  by  this  diagnostic,  since  the  (O  and  k  of  the  scattered 
light  is  shifted  by  the  plasma  waves. 

The  driven  RPW  has  a  wavenumber  that  is  determined 
by  the  wavenumber  difference  of  the  two  laser  lines  at  Ak  = 
ko  -  kj  =  1.83  X  10”^  .  Due  to  this  small  k,  a  line  focus 

of  the  probe  beam  is  required  to  resolve  the  k  spectrum. 
The  experimental  setup  is  shown  in  Figure  1.  The  input 
lenses  bring  the  probe  beam  to  a  line  focus  of  length  6  mm 
and  height  100  pm  at  the  plasma.  The  output  lenses 
eliminate  the  astigmatism  in  the  beam  and  refocus  the 
unscattered  light  on  a  razor  blade  beam  dump.  The  angular 
shift  of  the  scattered  light,  Ak/kpr,  is  1.48  mrad,  which 
corresponds  to  a  shift  of  1.05  mm  per  RPW  harmonic  at 
the  razor  blade.  The  razor  blade  blocks  the  main  beam,  but 
allows  the  scattered  light  to  pass. 

After  the  razor  blade  beam  dump,  the  optical  system 
has  two  possible  configurations.  In  the  first  method,  the 
plane  of  the  razor  blade  (k  space)  is  imaged  onto  the 
entrance  slit  of  an  imaging  spectrometer,  with  each 
harmonic  separated  vertically  by  190  pm.  The 
spectrometer  disperses  the  harmonics  in  frequency  on  the 
axis  perpendicular  to  the  k  dispersion.  The  output  of  the 
spectrometer  is  then  sent  to  a  streak  camera,  which 
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disperses  the  signal  in  time  to  give  n(C0ni,t).  If  the  streak 
camera  is  operated  on  a  slow  sweep  speed,  the  output  is 
n(co,k),  a  snapshot  of  the  (o-k  space  [1]. 

In  the  second  configuration,  an  additional  cylindrical 
lens  is  used  to  re-image  the  scattered  light  from  the  plane  of 


Spectrometer 
Input  Slit 


Figure  1:  Thomson  scattering  setup.  Numbers  below  lenses 
are  the  position  relative  to  the  plasma  in  centimeters.  The  letters  S 
and  C  stand  for  spherical  and  cylindrical  respectively,  and  the 
focal  lengths  are  S1=S2=30  cm,  Cl=C2=:-^0  cm,  S3=50  cm,  and 
C3=-50  cm.  The  probe  goes  from  left  to  right,  coming  to  a  line 
focus  at  the  plasma,  and  then  the  scattered  light  is  imaged  onto  a 
spectrometer  followed  by  a  streak  camera.  Lens  C3  has  been 
added  for  the  spatial  Thomson  scattering 


the  plasma  onto  the  slit  of  the  spectrometer.  The 
spectrometer  then  disperses  the  light  in  frequency,  which 
gives  the  amplitude  as  a  function  of  space  and  frequency, 
n(z,co).  Also,  the  spectrometer  can  be  used  to  select  a 
single  frequency,  and  the  amplitude  of  this  frequency  as  a 
function  of  time  and  space,  n(z,t),  can  also  be  seen. 


III.  EXPERIMENTAL  RESULTS 

A.  Time  Resolved  Thomson  Scattering 

Figure  2  shows  a  streak  of  the  plasma  wave  amplitude, 
with  frequency  on  the  vertical  axis,  and  time  moving  to  the 
right.  The  scattered  light  shows  a  clear  signal  with  a 
frequency  shift  of  cOp,  and  also  a  signal  shifted  by  2(0p.  The 
downward  shift  in  frequency  of  the  fundamental  and  2nd 
harmonic  of  approximately  10%  over  lOOps  is  too  large  to 
be  explained  by  relativistic  frequency  detuning,  and  thus 
strongly  suggests  a  decrease  in  plasma  density  due  to 
blowout  of  the  plasma. 

There  are  two  ways  to  compute  the  plasma  wave 
amplitude  from  this  experimental  data.  First,  the  wave 
amplitude  is  directly  proportional  to  the  ratio  of  scattered 
power  in  the  first  harmonic  to  the  power  in  the  incident 
probe  beam.  Second,  the  ratio  of  power  in  the  2nd 
harmonic  to  the  power  in  the  fundamental  is  also 
proportional  to  the  amplitude  of  the  fundamental.  Both  of 
these  methods  show  a  peak  wave  amplitude  of  about  35% 
with  a  duration  of  about  100  ps.  Simulations  show  that  the 
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Figure  2  :  Time  resolved  spectrum  of  Thomson  scattered 
light  from  the  fundamental  and  2nd  harmonic  of  the  beat  wave. 
Stray  light  at  0.8  Ao)  and  the  beat  wave  fundamental  are 
attenuated  by  a  factor  10. 


peak  wave  amplitude  is  limited  by  ponderomotive  blowout 
of  the  plasma  due  to  the  beat  wave  itself  [3]. 


B.  Space  Resolved  Thomson  Scattering 

The  experimental  data  in  Figure  2  shows  the  plasma 
wave  amplitude  averaged  over  the  6  mm  length  of  the 
probe  beam.  However,  the  energy  gain  of  a  particle  is 
determined  by  the  J  ^ac  •  dl  seen  by  the  particle,  where 
Eac  =  is  the  accelerating  field,  e  is  the  wave 

amplitude,  and  is  the  plasma  density  Therefore,  it  is 
important  to  know  the  wave  amplitude  along  the  particle's 
axis  of  propagation.  A  numerical  solution  of  the  wave 
amplitude  differential  equation  shows  the  FWHM  of  the 
wave  to  extend  for  approximately  1  cm  [4].  To  determine 
this  experimentally,  the  probe  beam  was  expanded  to  1.2 
cm,  and  then  the  scattered  light  from  this  line  focus  was 
imaged  onto  the  spectrometer.  To  see  the  wave  amplitude 
vs.  space  and  frequency,  the  streak  camera  was  operated  at 
a  slow  sweep  speed  (2  ns/mm),  so  the  image  had  no  time 
resolution.  A  lineout  of  the  scattered  light  shifted  by  a 
frequency  of  co  =  (1  ±  0. 1)  Aco  is  shown  in  Figure  3(a),  and 
extends  for  approximately  1  cm. 

In  order  to  see  the  wave  amplitude  vs.  space  and  time, 
the  streak  camera  had  to  be  rotated  90®,  so  space  and  time 
would  be  on  opposite  axes.  Figure  3(b)  shows  a  typical 
streak,  where  the  spectrometer  has  been  set  to  only  pass 
light  shifted  by  Aco.  This  streak  shows  a  plasma  wave 
extending  for  approximately  8  mm.  In  addition,  a  lineout 
through  the  center  shows  a  rise  time  of  approximately  60 
ps,  and  a  much  faster  fall  time.  This  is  consistent  with  the 
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Figure  3  :  (a)  Line  out  of  the  scattered  power  at  a  frequency 
shift  of  Ao),  as  a  function  of  space.  The  wave  extends  for 
approximately  8  mm.  (b)  Streak  image  of  the  scattered  light 
shifted  by  Aco,  with  space  on  the  vertical  axis,  and  time  moving  to 
the  right.  Near  best  focus  of  the  CO  2  laser,  the  beat  wave  reaches 
a  peak  amplitude  of  40%. 

simulations,  which  show  the  wave  growing  linearly  with 
the  laser  intensity,  and  then  crashing  near  the  peak  due  to 
rapid  plasma  blowout  [3].  Also,  the  streak  shows  the  wave 
amplitude  to  be  peaked  near  the  best  focus  of  the  CO2 
laser,  and  to  be  smaller  in  the  areas  where  the  laser 
intensity  is  lower.  The  spatial  resolution  of  the  system  is 
approximately  1  mm.  The  fine  structure  in  the  scattered 
light  may  be  due  to  x-ray  noise  and  statistical  variations  in 
the  number  of  photoelectrons  in  the  streak  camera. 

The  expected  energy  gain  of  a  electron  in  a  plasma 
wave  can  be  estimated  by  integrating  the  product  of  the 
accelerating  field  and  the  length  of  the  wave.  For 
example,  a  wave  with  amplitude  of  30%  for  1  cm  at  a 
density  of  9.4  x  10^^  cm  would  produce  an  energy  gain  of 
approximately  28  MeV.  From  the  experimental  streaks,  it 
is  possible  to  numerically  integrate  the  wave  amplitude 


along  the  laser  axis,  and  compare  this  with  the  measured 
experimental  electron  energies  from  an  electron  energy 
spectrometer. 

The  calculated  maximum  energies  from  the  streak 
data  (assuming  perfect  phasing  of  the  electrons  and  the 
plasma  wave  over  its  full  length)  agree  well  with  the  energy 
spectrometer.  For  example,  on  shots  where  the  energy 
spectrometer  showed  electrons  up  to  25  MeV,  the  Thomson 
scattering  showed  peak  wave  amplitudes  of  up  to  40%, 
with  a  spatial  FWHM  of  about  8  mm.  Similarly,  when  the 
Thomson  scattering  only  showed  wave  amplitudes  of  10% 
(due  to  shot-to-shot  variations  in  the  laser  intensity),  the 
highest  electron  energies  seen  on  the  spectrometer  were 
around  5  MeV. 


IV.  CONCLUSIONS 

The  relativistic  plasma  waves  generated  in  the  Plasma 
Beat  Wave  Accelerator  have  been  extensively  studied  with 
collective  Thomson  scattering.  The  plasma  wave 
amplitude  has  been  studied  as  a  function  of  several 
parameters,  including  frequency,  time,  space,  and 
wavenumber.  Experimental  results  show  a  plasma  wave 
with  a  peak  amplitude  of  approximately  35%,  with  a 
FWHM  of  100  ps,  and  extending  for  1  cm  in  space.  These 
wave  parameters  are  confirmed  by  the  observation  of 
accelerated  electrons,  in  which  the  energy  gains  are 
consistent  with  the  \^ac  '  dl  of  the  plasma  wave. 
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Abstract 

In  laser-plasma  interaction  experiments  there  are  a 
variety  of  effects  which  will  scatter  or  deflect  a  probing 
electron  beam.  For  example,  a  longitudinally  probing 
electron  beam  is  defocused  by  the  ponderomotive  force  of  a 
laser,  but  in  a  plasma  the  laser  can  set  up  fields  which 
actually  confine  the  electron  beam.  In  the  cases  of  plasma 
wave  excitation  via  the  heatwave  or  wakefield  mechanisms, 
the  thermalization  of  the  electron  distribution  function  can 
lead  to  large  scale  magnetic  fields  via  the  Weibel 
instability.  A  novel  Cherenkov  probe  has  been  built  and 
tested  which  measures  the  transverse  current  distribution  of 
an  electron  beam  with  at  least  50  ps  time  resolution.  A 
solenoid  lens  is  used  to  map  angular  deflections  within  the 
interaction  region  into  x-y  space  at  the  location  of  the 
Cherenkov  probe.  This  allows  the  cases  mentioned  above 
to  be  experimentally  studied. 

L  INTRODUCTION 

The  transverse  current  distribution  of  a  relativistic 
electron  beam  has  been  time  resolved  to  50  ps  using  a 
novel  Cherenkov  probe.  This  probe  consists  of  a  two- 
dimensional  mesh  of  optical  fibers  arranged  in  such  a  way 
that  a  collimated  beam  striking  the  probe  chuck  at  a 
prescribed  angle  of  incidence  will  inject  electrons  into  each 
fiber  at  the  Cherenkov  angle  with  respect  to  that  fiber’s  axis 
(Fig.  1).  In  addition,  the  mesh  is  square  when  projected 
onto  a  plane  orthogonal  to  the  trajectory  of  the  electron 
beam.  With  this  arrangement,  electrons  impinging  upon 
any  fiber  will  emit  the  maximum  fraction  of  their 
Cherenkov  cones  within  the  numerical  aperture  of  the  fiber. 
The  ends  of  the  fibers  are  brought  together  in  a  linear  array, 
which  is  imaged  onto  the  photocathode  of  a  streak  camera. 
Streaking  the  image  gives  the  current  in  every  fiber  as  a 
function  of  time.  With  this  information,  one  can  obtain 

k{x,  t)  =  j  y  (x,  y,  t)dy  and  k{y,  f)  =  |  j{x,  y,  t)dx 

where  jix,y,t)  is  the  unknown  distribution  of  current  density 
in  the  transverse  plane,  and  k  is  lineal  current  density. 
j{xj,t)  itself  can  only  be  deduced  if  it  is  assumed  to  be 
separable  in  x  and  y. 


11.  PROBE  DESIGN 

The  fibers  chosen  for  our  probe  consist  of  a  400  |am 
diameter  PMMA  core  with  a  50  |Lim  thick  acrylic  cladding. 
The  overall  length  of  the  fibers  is  20  cm.  Plastic  fibers  are 
advantageous  since  in  glass,  electrons  of  less  than  5  MeV 
would  be  quickly  scattered  out  of  the  fiber’s  numerical 
aperture.  X-ray  production  is  also  minimized  in  plastic. 
Higher  energy  electron  beams  will  produce  more  signal  in 
silica  fibers  provided  UV  is  transmitted  throughout  the 
entire  optical  system. 

The  fibers  are  glued  onto  a  25x41  mm  oval  chuck  of 
black  acrylic.  Machined  onto  the  chuck  are  a  series  of  nine 
parallel  ridges  running  the  length  of  the  ellipse,  making  a 
31°  angle  with  the  major  axis.  These  are  750  |im  high,  1 
mm  wide,  and  are  set  3  mm  apart.  One  set  of  nine  fibers 
sits  atop  the  ridges  while  the  other  nine  tunnel  through  the 
ridges  at  -31°  to  the  major  axis.  A  beam  striking  the  chuck 
at  37°  to  the  major  axis  and  90°  to  the  minor  axis  will  see  a 
mesh  of  2.5  mm  squares.  Every  fiber  will  make  a  45° 
angle  with  the  beam  trajectory. 


Figure  1 :  All  fibers  must  make  an  angle  of  45°  with  the  e-beam 
trajectory.  Therefore  they  must  lie  on  the  surface  of  any  45°  cone 
whose  axis  is  parallel  with  the  e-beara  trajectory.  Choose  two 
straight  lines  on  the  cone  which  are  perpendicular  when  projected 
onto  the  base  of  the  cone.  The  angle  between  these  lines  is  the 
angle  between  the  crossed  fibers,  and  the  plane  they  lie  in  is  the 
plane  of  the  probe  chuck. 
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III.  ELECTRON  BEAMLINE 


IV.  PROBE  PERFORMANCE 


The  electron  beam  in  our  experiment  is  generated  by  a 
9  GHz  RF  linac.  The  beam  energy  is  2  MeV,  and  the 
emittance  of  the  beam  is  67c  mm-mRad.  The  average 
current  is  30  mA  and  the  pulse  length  is  1.5  ns.  The  linac 
has  been  described  in  detail  elsewhere  [1]. 

In  experiments  with  the  Cherenkov  probe,  the  electron 
beam  will  be  propagated  collinearly  with  a  300  ps,  100  J 
CO  2  laser  pulse.  The  laser  and  electrons  are  simultaneously 
focused  into  a  static  fill  of  hydrogen  gas  where  a  plasma  is 
formed  via  tunneling  ionization.  We  are  interested  in 
measuring  angular  deflections  of  the  electron  beam  by  the 
plasma.  To  use  the  Cherenkov  probe  in  this  situation  it  is 
necessary  to  move  the  electrons  away  from  the  laser 
somewhere  beyond  the  interaction  point. 

At  the  interaction  point  the  electron  beam  is  at  a  500 
\im  waist.  A  collimating  solenoid  lens  with  a  bore  diameter 
of  3.2  cm  is  placed  20  cm  from  the  waist.  This  provides  a 
linear  mapping  between  angle  and  transverse  position.  A 
5x5  cm  square  dipole  is  situated  15  cm  from  the  solenoid. 
This  deflects  the  electron  beam  by  about  10°.  Since  the 
focusing  of  the  laser  is  f/11  this  is  sufficient  to  move  the 
electrons  off  the  laser  beam.  The  Cherenkov  probe  is 
placed  25  cm  from  the  dipole. 


The  Cherenkov  probe  has  been  tested  within  the  setup 
described  above  by  firing  the  electron  beam  but  not  the 
laser  beam.  Figure  3  shows  a  streak  in  which  we  consider 
only  the  temporal  information.  In  this  streak,  the 
microbunches  associated  with  the  RF  frequency  of  the  linac 
are  clearly  shown.  The  time  resolution  of  the  probe  in  this 
case  was  evidently  50  ps  since  from  previous 
measurements  the  microbunches  are  known  to  be  less  than 
10  ps  long.  The  time  resolution  of  our  setup  is  affected  by 
the  size  of  the  image  on  the  streak  camera  photocathode, 
modal  dispersion  in  the  fibers,  and  time  of  flight 
differences  between  electrons  hitting  different  areas  of  the 
probe. 


0.0  0.5  1.0  1.5 


Time  (ns) 

Figure  3:  Streak  with  microbunches.  The  spatial  information  is 
not  emphasized  here.  Note  that  the  apparent  chirp  in  the  RF 
frequency  is  due  to  a  nonlinearity  in  the  sweep  speed  of  the  streak 
camera. 


Figure  2:  Cartoon  of  electron  optics  after  the  interaction  point. 
The  dotted  lines  represent  the  laser  envelope  while  the  black  area 
represents  the  electron  beam. 

The  beamline  was  characterized  by  inserting  a  hole 
pattern  in  the  beam  immediately  prior  to  the  solenoid.  A 
fluorescer  was  placed  at  the  position  of  the  Cherenkov 
probe.  It  was  determined  that  the  spot  size  at  the  lens  is  6 
mm,  and  the  beam  is  rotated  50°  when  collimated  by  the 
solenoid.  This  is  convenient  since  the  probe  axes  then  line 
up  with  the  laser  polarization.  It  was  also  verified  that  the 
dipole  magnet  does  not  distort  the  beam,  and  that  the  beam 
is  well  centered  on  the  lens.  The  only  problem  that 
emerged  was  that  the  lens  smeared  the  shadow  of  the  hole 
pattern  radially  as  if  due  to  chromatic  aberration.  However, 
the  length  of  the  smearing  was  less  than  an  interfiber 
spacing,  and  is  not  resolved  by  the  Cherenkov  probe. 


Figure  4  shows  a  streak  including  spatial  information. 
On  this  shot  the  electron  beam  was  aligned  to  the 
interaction  point,  collimated  by  the  solenoid,  and  steered 
onto  the  center  of  the  probe.  The  microbunches  were  not 
clearly  visible  at  this  sweep  speed. 


Figure  4:  Streak  with  spatial  information.  White  space  has  been 
artificially  inserted  between  the  upper  and  lower  halves  of  the 
streak  for  clarity  of  viewing.  The  image  of  the  fibers  is  arranged 
such  that  each  half  of  the  streak  is  an  intensity  plot  of  current  with 
the  horizontal  axis  time  and  the  vertical  axis  one  of  the  transverse 
spatial  dimensions.  The  vertical  tick  marks  are  spaced  such  that 
the  image  of  one  fiber  fits  between  them. 
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The  most  outstanding  feature  of  Fig.  4  is  that  the 
electron  beam  is  increasingly  deflected  in  the  negative  x 
and  y  directions  as  time  advances.  This  feature  is 
reproducable  on  every  shot.  The  reason  for  this  deflection 
is  that  the  energy  of  the  electron  beam  droops  in  time. 
Thus,  the  dispersive  electron  optics  both  before  and  after 
the  interaction  point  will  conspire  to  put  the  beam  at 
slightly  different  locations  at  different  points  in  time.  Since 
we  wish  to  measure  only  deflections  occuring  at  the 
interaction  point,  any  dispersion  in  the  electron  optics  is 
undesirable.  However,  since  the  effects  of  the  dispersion 
are  reproducable  and  small,  they  will  not  seriously  affect 
the  interpretation  of  future  results. 

Another  issue  associated  with  the  dispersion  in  the 
electron  optics  is  that  when  a  large  amplitude  plasma  wave 
is  driven  significant  numbers  of  electrons  in  the  probe 
beam  can  be  drastically  accelerated  in  the  longitudinal 
direction.  We  have  previously  reported  measurements 
demonstrating  this  effect  [2].  Accelerated  electrons  will 
create  a  spatial  variation  at  the  Cherenkov  probe  which  is 
indistinguishable  from  some  particular  angular  deflection. 
Again,  we  would  prefer  that  the  spatial  dimensions  of  the 
probe  map  only  to  the  angles  at  which  electrons  leave  the 
interaction  point.  On  the  other  hand,  accelerated  electrons 
would  lead  to  a  specific  spatial  structure  at  the  Cherenkov 
probe  which  could  be  easily  identified,  and  would 
correspond  to  no  plausible  deflection  scenario. 

Finally,  the  sensitivity  of  the  probe  at  the  sweep  speed 
associated  with  Fig.  4  can  be  easily  determined.  The 
highest  number  of  counts  produced  on  one  pixel  of  the 
CCD  was  200.  The  peak  current  of  the  electron  beam  is 
250  mA.  For  this  streak,  the  ratio  of  the  area  of  the 
electron  beam  to  the  area  of  the  section  of  fiber  illuminated 
by  the  electron  beam  was  9.3.  This  implies  that  the 
sensitivity  of  each  fiber  is  about  7  counts/mA.  The 
background  level  of  our  CCD  typically  fluctuates  by  one  or 
two  counts.  However,  if  we  average  over  all  the  pixels 
illuminated  by  a  single  fiber  during  one  microbunch  we 
will  be  able  to  statistically  resolve  less  than  one  count. 
Hence,  we  expect  to  be  able  to  resolve  100  |xA  of  current 
running  through  any  fiber. 

V.  CONCLUSIONS 

A  means  of  using  a  streak  camera  to  time  resolve  the 
angular  deflections  of  an  electron  beam  by  a  laser-produced 
plasma  has  been  developed.  In  future  experiments  we  will 
use  the  new  probe  to  study  a  number  of  effects.  The  laser 
can  be  fired  into  either  vacuum  or  plasma,  and  can  be  run 
in  either  single  or  dual  frequency  mode.  When  in  dual 
frequency  mode,  the  plasma  density  can  be  set  to  resonate 
with  the  beat-frequency  of  the  laser  so  that  a  large 


amplitude  plasma  wave  is  excited.  Probing  the  interaction 
region  some  time  after  this  plasma  wave  breaks  up  may 
reveal  evidence  of  the  Weibel  instability. 
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Abstract 

Progress  on  modeling  plasma-based  accelerator  concepts  in  plasma  channels  is 
presented.  Such  schemes  offer  the  potential  for  large  accelerating  gradients,  high 
beam  quality  and  acceleration  over  many  Rayleigh  lengths  by  optically  guiding 
intense  laser  pulses.  Recent  results  include  modeling  of  non-ideal  channels, 
higher  order  laser  modes,  and  instabilities .  Curiously  we  find  that  Raman  scatter 
and  laser  hosing  are  to  a  large  extent  suppressed  in  a  hollow  channel. 


1.  NON-IDEAL  PLASMA  CHANNELS  AND 
RESONANT  ABSORPTION 

Recently  we  have  investigated  the  propagation  of  short  laser 
pulses  in  hollow  channels  [1,2]  (n^  =  m  =  0  on  axis,  cop  = 
constant  <  (oiaser  for  r  >  a).  We  showed  that  pulses  shorter 
than  )^py/l  +  kpa  (where  kp  =  cop/c  and  a  is  channel  radius)  ef¬ 
fectively  excite  a  large  surface  wake  of  frequency  (Opl^/l  -f  kpa. 
These  wakes  were  found  to  be  attractive  because  the  accelerating 
fields  were  large  (of  the  order  10  GeV/m),  transversely  uniform 
and  with  linear  focusing. 

In  the  previous  discussion,  the  plasma  was  assumed  to  have 
a  step  function  radial  profile.  That  is,  no(y)  =  0  for  y  <  a 
and  no(y)  =  no  for  y  >  a  In  this  section  we  consider  the  more 
realistic  case  when  there  is  a  finite  scale  length  for  the  vacuum 
plasma  boundary.  As  a  first  approximation,  we  consider  the 
plasma  density  no(y)  to  be  zero  for  y  <  a/2,  to  ramp  linearly 
from  y  =  a/2  to  y  —  3a/2  up  to  the  value  no,  and  no(y)  =  no 
for  y  >  3a/2. 

Since  the  laser  frequency  (a)o)  is  much  greater  than  the  plasma 
frequency  (o)^), thereisnoresonantabsorptionofthelaser.  How¬ 
ever,  because  the  wake  frequency  (Och  is  less  than  cop ,  there  exists 
a  resonant  absorption  layer  in  the  channel  wall  which  will  damp 
the  Wakefield  seriously.  A  thorough  investigation  of  this  phe¬ 
nomenon  have  been  given  in  Ref.  [3].  In  Figs.  1  to  3  we  show 
the  simulation  results.  The  damping  of  the  axial  wakefield  af¬ 
ter  the  first  cycle  implies  that  the  wakefield  accelerator  scheme 
can  be  effective,  but  only  if  the  beam  load  is  placed  on  the  first 
accelerating  bucket.  The  transverse  slices  of  £"2  vs.  y  show  the 
absorption  of  the  wake  energy  at  the  resonant  layer. 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


xib® 


Figure.  2.  Axial  wakefield  eE^lmcDpC  vs.  y  at  z  =  lOlc/cop 


Figure.  3,  Axial  wakefield  eE^jmcopC  vs.  y  at  z  —  %0c/(Op 
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IL  HIGHER  ORDER  OPTICAL  FIBER  MODES 
FOR  RELAXED  CHANNEL  REQUIREMENTS 

In  previous  work  we  found  that  the  accelerating  field  is  large 
only  when  the  channel  width  is  of  order  cjcop  (typically  20 fxm). 
For  wider  channels,  the  surface  wake  amplitude  decreases  be¬ 
cause  the  intensity  of  the  fundamental  laser  mode  at  the  edge 
becomes  very  weak  compared  to  the  intensity  at  the  center.  This 
is  unfortunate  because  it  may  be  easier  to  realize  wider  channels 
in  actual  experiments.  Fortunately,  there  is  a  solution;  namely, 
we  can  use  higher  order  guided  laser  modes  in  a  wider  channel. 
These  modes  have  larger  intensity  at  the  edge  than  does  the  fun¬ 
damental  mode.  Figs.  4  and  5  show  the  transverse  profile  of  the 
laser  in  a  plasma  fiber  at  z=0  and  z=50  c/cOp  from  a  PIC  simu¬ 
lation.  The  TEo\  character  is  apparent.  The  laser  is  well  guided 
and  excites  a  wake  very  similar  to  what  would  be  excited  by  the 
fundamental  T  Eoo  mode. 


Figure.  4.  Transverse  electric  field  of  the  laser  showing  its  T  Eq\ 
character  at  z=0  in  PIC  simulation  ( for  kpa  =  4 ). 


Figure.  5.  Transverse  electric  field  of  the  laser  showing  its  T  Eoi 
mode  character  at  z=50  c/cop  in  PIC  simulation  ( for  kpa  =  4  ). 


III.  STABILITIES  IN  CHANNELS 

It  is  well  known  that  the  propagation  of  intense  laser  pulses  in 
homogeneous  plasma  is  limited  to  relatively  short  distances  by 
diffraction,  pump  depletion  and  parametric  instabilities.  Since 
depressed  density  channels  act  as  optical  fibers  to  guide  the  laser, 
they  overcome  diffraction.  Short  pulses  excite  a  large  plasma 
wake  as  just  described  that  depletes  the  laser  energy  over  a  dis¬ 
tance  Xpcol/o/p(l  +  l/iVosc/c)^)^  However,  for  pulses  longer 
than  Xp  =  Incjoyp,  three-wave  and  four-wave  Raman  forward 


[4]  and  side  scatter  and  laser  hosing  instabilities  [5]  limit  the  in¬ 
tensity  that  can  be  stably  propagated  through  the  channels.  Be¬ 
low  we  briefly  summarize  results  of  analysis  and  simulation  of 
instabilities  in  channels. 

Analytic  solutions  for  the  growth  rate  of  Raman  Forward  Scat¬ 
ter  (RFS)  in  homogeneous  plasma  [4]  and  the  hose  instability  in 
parabolic  channel  plasma  [5]  have  been  proposed  in  several  arti¬ 
cles.  We  address  the  same  problem  in  a  hollow  channel  plasma. 
The  derivation  will  be  given  in  a  longer  paper.  The  result  is 


Y  = 


i4i 


^  ^ osc  ^ 


(1) 


where  p  satisfies  the  following  dispersion  relation  for  the  laser 
pulse  in  hollow  channel[2], 


p  ^  h  tan(Aa) 


(2) 


We  see  that  the  growth  rate  is  less  than  the  homogeneous  growth 
rate  by  a  factor  It  is  easy  to  see  that  as  kpU  «  0  the 

growth  rate  approaches  the  homogeneous  result.  In  addition,  if 
kp  <  4/7  or  equivalently  kpa  >  0.26 ,  y  becomes  imaginary  and 
even  the  decaying  of  the  Eo(coo)  wave  into  the  body  mode  (co  = 
cop)  is  non-resonant.  PIC  simulations  support  the  conclusion  that 
Raman  instability  is  suppressed  except  in  very  narrow  channels 

(kpa  <  1). 

Next  we  examine  hosing  instability  in  parabolic  channels  for 
various  cases  of  initial  laser  misalignment.  We  found  through 
simulations  that  for  a  uniform  misalignment  of  the  laser  centroid 
definedas  <  >=  ^fE^dy  » the  RFS  ofthe  laser  will  overwhelm 

the  hose  instability  ,if  any,  in  the  parabolic  channel.  On  the  other 
hand,  if  we  seed  some  wiggle  in  the  laser  centroid  the  laser  will 
execute  hosing  instability  significantly.  Fig.  6  shows  the  initial 
laser  centroid  where  we  have  offset  sinusoidally  by  2  cells.  The 
wiggling  wavelength  is  equal  to  kp.  After  propagating  about  4 
Rayleigh  lengths,  as  was  shown  in  Fig.  7,  the  growth  of  the  laser 
centroid  was  evident. 


Figure.  6.  Centroid  of  the  laser  pulse  in  parabolic  channel  plasma 
at  z=0.  The  dashed  lines  show  the  position  of  the  laser  pulse 


IV.  Discussion 

We  have  examined  the  propagation  of  intense  laser  pulse 
through  plasmas  of  various  kinds  of  density  profiles.  The  RFS 
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Figure.  7.  Centroid  of  the  laser  pulse  in  parabolic  channel  plasma 
at  z=180  The  dashed  lines  show  the  position  of  the  laser 
pulse 


instability  in  both  homogeneous  and  parabolic  channel  plasmas 
are  observed  in  PIC  simulations  (not  shown  here).  The  pulse  in 
parabolic  channel  seems  to  be  more  unstable  than  in  homoge¬ 
neous  plasma.  This  may  be  partly  due  to  guiding  of  Raman  side 
scatter  by  the  channel.  In  hollow  channels,  we  have  found  a  re¬ 
duced  growth  rate  for  RFS  if  kpa  <  0.26.  The  instability  of  the 
pulse  is  not  significantly  affected  by  the  thickness  of  the  channel 
wall.  Overdense  channels  will  be  the  subject  of  another  work. 
We  comment  that  underdense  channels  are  of  interest  because 
they  avoid  resonant  absorption  of  the  laser  by  the  plasma. 

Work  supported  by  US  Department  Of  Energy  DOE  -  AC#DE 
-  FG03  -92ER40745. 
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A  comprehensive  study  of  focusing  of  relativistic  electron 
beams  with  overdense  and  underdense  plasma  lenses  requires 
careful  control  of  plasma  density  and  scale  lengths.  Plasma 
lens  experiments  are  planned  at  the  Beam  Test  Facility  of  the 
LBL  Center  for  Beam  Physics,  using  the  50  MeV  electron 
beam  delivered  by  the  linac  injector  from  the  Advanced  Light 
Source.  Here  we  present  results  from  an  interferometric  study 
of  plasmas  produced  in  tri-propylamine  vapor  with  a 
frequency  quadrupled  Nd:YAG  laser  at  266  nm.  To  study 
temporal  dynamics  of  plasma  lenses  we  have  developed  an 
electron  beam  diagnostic  using  optical  transition  radiation  to 
time  resolve  beam  size  and  divergence.  Electron  beam 
ionization  of  the  plasma  has  also  been  investigated. 

L  INTRODUCTION 

Plasma  lenses  [1]  have  been  proposed  for  focusing 
relativistic  electron  beams  to  small  spot  sizes  and  for 
luminosity  enhancement  in  future  linear  colliders.  Plasma 
lenses  can  be  overdense  (plasma  density,  Up^  much  greater 
than  electron  beam  density,  n^)  or  underdense  (rip  <  2  njy).  In 
overdense  lenses  the  space-charge  force  of  the  electron  beam 
is  canceled  by  the  plasma  and  the  remaining  magnetic  force 
causes  the  electron  beam  to  self-pinch.  The  focusing  gradient 
is  non-linear,  resulting  in  spherical  aberrations.  In  underdense 
lenses,  the  self-forces  of  the  electron  beam  cancel,  allowing 
the  plasma  ions  to  focus  the  beam.  Such  linear  focusing 
(proportional  to  tip)  leads  to  more  desirable  beam  qualities. 
The  performance  of  an  underdense  lens  can  be  improved  by 
tapering  the  plasma  density  in  a  such  a  way  as  to  maximize  the 
focusing  strength  at  all  times  [2].  To  avoid  the  Oide  limit  on 
spot  sizes  due  to  synchrotron  radiation  by  the  e-beam, 
adiabatic  lenses  have  been  proposed  [3]. 

Overdense  plasma  lens  focusing  has  been  observed  at  the 
Argonne  National  Laboratory,  at  KEK  and  most  recently  at 
UCLA[4-6].  Only  the  UCLA  experiment  showed  clear  beam 
size  reduction  and  the  effect  of  temporal  lens  dynamics.  To 
this  date  no  experiments  have  been  reported  showing  focusing 
of  electron  beams  by  plasma  lenses  operating  in  the 
underdense  regime,  nor  has  there  been  a  systematic  study  of 
return  currents,  adiabatic  lenses,  etc. 

IL  PLASMA  LENS  EXPERIMENT 

The  plasma  lens  experiment  at  the  Beam  Test  Facility 
(BTF)  is  designed  to  study  the  properties  of  plasma  lenses  in 
both  overdense  and  underdense  regimes.  In  particular,  we  will 


study  important  issues  such  as  time  response  of  the  lens,  lens 
aberrations  and  shot-to-shot  reproducibility. 

The  Beam  Test  Facility  provides  a  50  MeV  electron  beam 
with  a  charge  of  1-2  nC  in  15  ps  bunches  at  1-10  Hz.  The 
unnormalized  emittance  is  0.32  mm-mrad.  The  line  is 
equipped  with  a  wide  range  of  diagnostics  including 
integrating  current  transformers  for  charge  measurement,  high 
bandwidth  BPMs,  fluorescent  screens,  and  optical  transition 
radiation  (OTR)  diagnostics  [7].  OTR  is  produced  when 
electrons  cross  a  boundary  between  materials  of  different 
dielectric  constants.  It  can  provide  information  about  the 
electron  beam  energy  (cone  opening  angle),  bunch  length, 
spot  size  and  divergence  (beam  emittance). 

A.  Plasma  Lens  Design 

Using  the  nominal  linac  parameters,  we  have  previously 
[8]  determined  the  plasma  requirements  (density,  location  and 
length)  and  the  e-beam  requirements  (size  and  charge) 
required  for  studying  the  different  regimes.  For  a  more 
realistic  design,  here  we  use  experimentally  measured  electron 
beam  properties.  In  addition,  the  following  issues  have  been 
taken  into  consideration  in  designing  the  experiment. 


Figure  1.  Experiment  layout  for  adiabatic  plasma  lens.  The 
laser  is  brought  to  a  line  focus  at  the  position  of  the  e-beam. 
Backward  OTR  is  collected  for  electron  beam  diagnostics. 


The  plasma  chamber  is  separated  from  the  electron  beam 
transport  line  by  a  3  |im  beryllium  window.  For  the  overdense 
lens,  the  laser  beam  enters  the  vacuum  chamber  through  an 
AR  coated  window  and  is  made  to  propagate  colinearly  with 
the  e-beam  axis  using  an  ultra-thin  UV  mirror  (R=90%),  made 
from  5  |Ltm  nitrocellulose  substrate.  The  substrate  and  Be- foil 
increase  the  e-beam  emittance  by  15-40%,  in  good  agreement 
with  calculations  [9].  For  the  adiabatic  lens  (which  requires 
better  beam  qualities),  we  avoid  this  emittance  growth  by 
bringing  in  the  ionizing  laser  at  right  angles  to  the  e-beam. 
The  laser  is  brought  to  a  line  focus  at  the  position  of  the 
electron  beam.  The  plasma  length  will  be  adjusted  by 
changing  the  laser  focusing.  The  longitudinal  profile  of  the 
plasma  will  be  tapered  using  intensity  or  phase  masks  on  the 
laser  beam.  Since  the  required  change  in  density  for  planned 
adiabatic  lenses  is  about  an  order  of  magnitude  and  the  plasma 
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density  varies  as  the  square  of  intensity,  the  mask  needs  to 
provide  a  factor  of  3  gradient  in  intensity. 

Our  calculations  show  that  the  contribution  of  beam 
induced  ionization  to  the  plasma  density  is  negligible. 
Preliminary  experimental  observations  made  by  propagating 
the  electron  beam  through  a  0.75  m  long  section  filled  to  2 
Torr  tri-propylamine  (TP A)  confirm  this  calculation. 


Table  1.  We  find  that  (ignoring  the  temporal  response  of  the 
plasma)  a  15%  drop  in  charge  leads  to  a  5%  drop  in  beam  size 
reduction.  A  comparison  between  time-integrated  and  time- 
resolved  effect  of  plasma  lens  focusing  is  shown  in  Fig.  2, 
clearly  indicating  the  temporal  modulation  of  the  beam  size. 

B,  Plasma  Production 


Table  1.  Typical  overdense  and  underdense  plasma  lenses. 


Overdense 

Adiabatic 

Electron  Beam 

Emittance  [mm-mrad] 

.32 

.32 

Charge  [nC] 

1.3 

1.5 

Initial  density  [  10^^  cm'^] 

.33 

1.4 

Initial  size  [microns] 

139 

113 

Plasma  Parameters 

Length  [cm] 

8.3 

3.3 

Density  [  10^^  cm'^] 

1.0 

0.2  -  3.2 

Electron  Beam  at  Exit 

Beam  size  [microns] 

76 

59 

Overall  size  reduction  factor 

3.4 

2.1 

Overdense  lenses  require  5-15  cm  long  plasmas  with 
densities  ranging  from  8  x  10*^  -  2  x  10^^  cm'^.  For  example,  a 
5  cm  long  plasma  placed  8  cm  before  vacuum  focus  of  the  e- 
beam,  reduces  the  spot  size  from  187  microns  to  63  microns. 
We  find  that  for  high  plasma  densities  return  currents  play  a 
significant  role  by  canceling  the  effect  of  the  lens.  Sensitivity 
studies  show  that  overdense  lenses  do  not  place  very  stringent 
requirements  on  the  electron  beam.  A  bunch  charge  of  about 
1.3  nC  with  emittance  ranging  from  0.3  to  0.5  mm-mrad  is 
sufficient.  Table  1  describes  atypical  overdense  lens  design. 


Figure  2a.  Effect  of  plasma  lens  on  transverse  profile  of 
electron  beam.  Here  the  z  axis  represents  the  charge  density. 
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Figure  2b.  Successive  longitudinal  slices  of  the  e-beam 
experience  different  focusing  strengths  due  to  plasma 
response.  Here  s  is  the  distance  along  the  e-beam. 


The  focusing  force  in  an  underdense  lens  is  proportional 
to  the  plasma  density;  since  the  plasma  density  has  to  be  lower 
than  the  electron  beam  density,  it  is  essential  to  achieve  high 
e-beam  density  for  high  gradients  and  fast  time  response. 
Description  of  a  typical  underdense  adiabatic  lens  is  given  in 


Overdense  and  underdense  plasmas  are  produced  through 
resonant  two-photon  ionization  of  tri-propylamine  (TP A)  by  a 
frequency  quadrupled  Nd:YAG  laser  at  266  nm.  The  plasmas 
produced  through  this  method  are  field  free  and  do  not  require 
magnetic  confinement.  TPA  has  a  high  vapor  pressure  (3.5 
Torr)  and  a  large  ionization  cross-section.  Previously,  we 
have  measured  the  ionization  cross-section  of  TPA  at  248  nm 
using  an  Excimer  KrF  laser  [8].  The  plasma  density  as  a 
function  of  neutral  gas  density  No  [cm‘^]  and  laser  intensity 
/[W/cm^]  is  given  by  [10] 


N^od^At 
"  hv 


(1) 


Here  At  the  FWHM  of  laser  pulse  [s],  hv  the  photon  energy  [J] 
and  a  the  two-photon  ionization  coefficient  [cm'^AV].  The 
Nd:YAG  provides  5  mm  diameter  pulses  with  about  100  mJ  of 
energy  at  266  nm  in  7  -  9  ns  (FWHM).  Because  the  laser 
pulse  length  is  short  compared  to  the  lifetime  of  the 
intermediate  state,  an  alternate  description  of  two-photon 
ionization  may  be  more  appropriate  [10]: 


2(hvf 


(2) 


where  Oj  and  02  are  the  cross-sections  for  photoexcitation  of 
the  intermediate  level  and  for  photoionization,  respectively. 

The  plasma  is  diagnosed  using  94.3  GHz  microwave 
interferometry  described  previously  [8].  The  microwave 
signal  is  launched  transversely  to  the  plasma  column.  The  line 
averaged  plasma  density  (no  attenuation  or  refraction 
included)  is  proportional  to  the  microwave  phase  change: 

-^/^n(x)dx^2£^^^  ,  (3) 

L  e  L 


where  mis  the  microwave  frequency  and  is  the  change  in 
phase  seen  by  the  microwave  signal. 

Using  the  interferometer  we  have  experimentally  verified 
the  pressure  and  intensity  scaling  laws  as  predicted  by  the 
two-photon  ionization  model  (Fig.  3).  Since  the  plasma  sizes 
(3-5  mm  diameter)  are  comparable  to  the  microwave 
wavelength  (3.2  mm),  the  plasma  signal  is  modified  by 
refraction.  In  addition,  significant  absorption  of  microwaves 
is  observed  at  higher  densities.  The  microwaves  expand  as 
they  propagate  through  the  plasma  (which  acts  as  a  negative 
lens)  and  the  receiving  horn  collects  a  smaller  percentage  of 
the  transmitted  waves,  leading  to  a  smaller  relative  signal. 
Thus  the  measured  phase  accumulation  and,  hence,  the  plasma 
density,  is  significantly  smaller  than  its  true  value.  Using 
plexiglass  rods  (which  act  as  positive  lenses  and  overfocus  the 
microwave  beam)  of  varying  diameters  (4-6  mm),  we  have 
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verified  that  refraction  does  lead  to  a  significant  modification 
to  the  collected  signal.  However,  there  is  a  way  to  bypass  this 
problem.  When  the  phase  accumulation  reaches  90^,  the 
plasma  signal  turns  around,  retracing  its  steps  past  zero 
towards  270®.  The  signal  at  these  “turning  points”  provides  a 
measurement  of  phase,  namely,  at  odd  multiples  of  7t/2, 
independent  of  the  magnitude  of  the  signal.  An  analysis  of 
such  points  (Fig.  3b)  reveals  that  the  plasma  density  is  in  fact 
larger  than  it  appears  to  be  with  refraction  effects. 


Figure  3.  Plasma  density  scales  (a)  quadratically  with  intensity 
and  (b)  linearly  with  neutral  gas  density.  The  dashed  curve  is 
a  measurement  of  density  using  the  phase  "turning  point" 
method  (at  odd  multiples  of  nl2)  described  in  Section  IIB. 

Laser  intensity  of  50  mJ  in  about  400  mTorr  TPA 
produces  3  x  10’^  cm“^  plasma  density,  corresponding  to 
0.25%  ionization  efficiency.  The  ionization  coefficient  (Eq.  1) 
is  found  to  be  about  8.24  ±  2.4  x  10'^^  cm'^AV  compared  to  3  x 
10  cm'^/W  for  248  nm  ionization  reported  earlier  [8].  The 
corresponding  value  of  ^(TjC>2  (Eq.  2)  is  1.2  ±  0.3  x  10  *^ 
compared  to  6  x  10“^^  reported  by  Woodworth  et  al.  [10].  The 
actual  plasma  density  may  be  higher  because  the  turning  point 
method  may  not  fully  account  for  plasma  refraction  and 
absorption.  Slab  plasmas  will  be  produced  through  line 
focusing  to  resolve  these  issues.  For  diagnosing  higher 
density  plasmas  required  for  adiabatic  and  tapered  lenses  and 
to  achieve  better  spatial  resolution,  we  are  currently  building  a 
novel  Fabry-Perot  based  optical  interferometer  at  633  nm, 
capable  of  measuring  10  -  10  cm  plasma  densities  with 
about  50  pm  spatial  resolution. 


C.  Electron  Beam  Diagnostics 

To  study  the  temporal  dynamics  of  the  plasma  lens,  it  is 
necessary  to  time  resolve  the  electron  beam  properties.  Using 
a  streak  camera  we  have  measured  the  electron  beam  spot  size 
and  divergence  with  2  ps  resolution  at  a  location  upstream  of 
the  plasma  lens  experiment.  Fig.  4  shows  a  typical 
measurement  of  time-resolved  beam  divergence. 


Angle 


Figure  4.  Beam  divergence  (proportional  to  ratio  of  “valley” 
to  peak  intensity)  measured  with  2  ps  resolution. 


At  the  plasma  lens  exit  the  electron  beam  properties  will 
be  measured  using  an  OTR  foil  on  a  retractable  arm  moving 
along  the  direction  of  propagation  of  the  e-beam  (Fig.  1).  This 
will  allow  us  to  image  the  electron  beam  at  various  location  as 
it  comes  to  a  tight  focus.  Time  resolved  images  of  the  electron 
beam  will  help  determine  the  temporal  response  of  the  plasma. 


III.  SUMMARY 


A  status  report  on  the  plasma  lens  experiment  at  BTF  has 
been  given,  where  a  comprehensive  study  of  over  and 
underdense  plasma  lenses  will  take  place.  We  have  produced 
plasmas  with  densities  varying  from  10^^  to  10^"^  through 
resonant  two-photon  ionization  at  266  nm.  Measured  plasma 
densities  agree  with  theoretical  scaling  laws  with  intensity  and 
neutral  gas  pressure.  Time-dependent  e-beam  emittance  has 
been  measured.  Preliminary  results  show  beam  induced 
ionization  of  the  gas  fill  to  be  insignificant.  Design  of  intensity 
masks  for  producing  tapered  plasma  profiles  is  in  progress. 
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Abstract 

Experiments  of  plasma  wakefield  acceleration  driven  by  nar¬ 
row  bunches  were  performed  in  overdense  regime  at  the  Univer¬ 
sity  of  Tokyo.  Changes  of  energy  and  beam  size  of  test  bunches 
caused  by  the  driven  bunches  were  observed.  Acceleration  gra¬ 
dient  about  1  MeV/m  was  observed. 

Introduction 

Plasma  wakefield  acceleration  is  one  of  the  methods  which 
are  proposed  in  order  to  obtain  an  acceleration  gradient  high 
enough  for  the  next  generation  of  linear  colliders  [1].  The  con¬ 
cept  has  been  first  tested  experimentally  in  1988  at  the  Argonne 
National  Laboratory [2].  More  recently,  gradient  of  20  MeV/m 
has  been  produced  by  a  train  of  bunches  from  the  500  MeV  linac 
at  KEK[3]. 

In  this  experiments,  we  have  investigated  dependence  of  ac¬ 
celeration  characteristics  on  the  plasma  density  in  the  overdense 
regime,  in  which  plasma  density  is  higher  than  the  beam  den¬ 
sity.  The  drive  beams  were  narrow;  in  other  words,  the  prod¬ 
uct  of  plasma  wavenumber  and  the  beam  size  was  less  than 
unity.  Changes  in  size  and  energy  of  test  bunches  caused  by 
drive  bunches  were  studied  as  a  function  of  plasma  density. 


a  voltage  of  80-120V,  a  current  of  10-20A,  a  duration  of  2  ms 
and  a  rate  of  12.5  Hz  equal  to  the  linac  beam  repetition  rate. 
The  multi-dipole  field  of  permanent  magnets,  0.7  kG  at  the  in¬ 
ner  surface  of  the  air-cooled  chamber,  was  applied  to  confine 
the  plasma.  Argon  gas  was  filled  the  chamber  for  the  plasma 
production.  The  plasma  density  was  controlled  by  the  gas  flow 
controller,  the  cathode  temperature  and  the  discharge  voltage. 
The  plasma  density  and  electron  temperature  were  measured  by 
a  Langmuir  probe.  The  electron  temperature  was  found  to  be 
2-3eV.  We  adopted  differential  pumping  in  order  to  isolate  the 
linacs  from  the  test  section. 

The  beam  energy  was  measured  by  a  45°  bending  magnet  at  the 
end  of  the  plasma  chamber  and  beam  sizes  and  positions  were 
measured  by  using  phosphor  screens  (Desmarquest  AF995R). 
The  energies  of  the  drive  beams  and  test  beams  were  24.1  MeV 
and  16.6  MeV,  respectively,  and  the  respective  charges  in  each 
bunch  were  300-400  pC  and  70-80  pC  at  the  exit  of  the  energy 
analyzer.  Vertical  and  horizontal  beam  sizes  of  the  drive  bunch 
were  around  1.5  mm. 

Experimental  results  and  discussion 

Beam  images  on  the  phosphor  screen  at  the  exit  of  the  energy 
analyzer  were  observed  as  a  function  of  time  delay  between  drive 
and  test  bunches.  Figure  2  shows  time  dependence  of  energy 
shift,  which  was  derived  from  the  position  in  horizontal  direction, 
at  the  plasma  density  of  7.86  X  lO^^c/n”^.  Figure  3  shows  change 
of  beam  sizes  in  horizontal  and  vertical  directions  at  the  plasma 
density  of  7.86  x  10^ 

The  delay  dependences  obtained  experimentally  were  fit  to  the 
equation 

/(O  =  e~^^^[axsin{a)t  +  0i)  -h  aisinilcot  +  ^2)]-  (1) 

The  sinlcot  term  is  phenomenological  and  was  included  to  im- 


Experimental 

The  wakefield  accelerator  [4]  consists  of  two  linacs,  achro¬ 
matic  lines,  plasma  chamber  and  energy  analyzer,  as  shown  in 
Fig.  1 .  Beams  from  one  linac  excite  Wakefields  in  a  plasma,  while 
beams  from  the  other  linac  witness  the  Wakefields.  The  time  in¬ 
terval  between  the  two  beams  is  controllable  with  an  accuracy 
of  1  ps.  Plasma  was  produced  in  a  chamber  with  .15m  diame¬ 
ter  and  .36m  length  by  pulse  discharges  between  four  lumps  of 
LaB^  cathodes  and  the  chamber[5].  The  cathodes  were  heated 
by  a  10V-80A  direct  current  source.  The  discharge  pulse  had 
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Figure.  1.  Schematic  diagram  of  the  wakefield  accelerator  and 
positions  of  four  phosphor  screens  SCI  to  SC3. 
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Figure,  2.  Time  dependence  of  energy  change  of  test  bunches 
at  the  plasma  density  of  7.86  x  10^  ^  cm~^. 


prove  the  fit.  Plasma  frequencies  and  consequent  plasma  densi¬ 
ties  were  derived  from  the  co  values. 

Measured  plasma  density  distributions  along  the  beam  axis 
were  shown  in  Fig.  4.  The  acceleration  experiments  were,  how¬ 
ever,  performed  in  the  density  region  far  higher  than  those  given 
in  Fig.  4.  The  density  distributions  were  then  calculated  by  a 
similar  method  described  in  ref.  [6].  This  is  possible  because 
the  damping  characterized  by  r  in  eq.  1  can  be  attributed  to 
the  heterogeneity  of  the  density  distribution  as  following.  The 
plasma  density  and  the  resultant  plasma  frequency  at  the  ends 
of  the  plasma  column  are  lower  than  those  at  the  plasma  center. 
The  test  bunches  suffer  from  the  phase  difference  of  the  plasma 
oscillation,  which  becomes  more  severe  as  the  time  difference 
becomes  longer.  The  phase  difference  tends  to  offset  the  positive 
and  negative  effects  of  the  wakefield  to  decrease  the  amplitude 
of  the  oscillation. 

In  this  specific  data  processing,  a  trapezoidal  distribution  was 
first  assumed  as  n(z).  The  solid  line  in  Fig.  4  shows  the  trape¬ 
zoidal  approximation  of  the  distribution  and  data  given  by  circle 
were  obtained  experimentally.  The  delay  time  dependence  of  the 
wakefield  is  then  calculated  by  the  relation 
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Figure.  3.  Time  dependence  of  beam  sizes  of  test  bunches  in 
(a)  horizontal  and  (b)  vertical  directions  at  the  plasma  density  of 
7.86  X  lO^^cm-^ 


E(t)  ^  I  -n(z)cos{(Op(z)t)dz,  (2) 

Jo 

where  cop(z)  is  the  plasma  frequency,  assumed  to  agree  with 
in  eq.  1  at  the  flat  top  of  the  trapezoidal  distribution.  The 
length  of  flat  top  of  the  trapezoid  was  adjusted  so  that  its  decay 
characteristics  agree  with  the  experimental  data  and  the  reduction 
of  the  wakefield  amplitude  was  derived. 

The  acceleration  gradient  at  the  center  of  the  distribution  thus 
derived  is  given  in  Fig.  5.  The  solid  line  in  the  figure  shows  the 
prediction  of  linear  theory, 


Wz  = - ^2 - ^  ^  2K2(kpa)],  (3) 

where  N  is  the  number  of  electrons  in  the  drive  bunch,  is  the 
plasma  wavenumber,  is  the  bunch  length,  1 .2  mm,  and  a  is  the 
beam  size,  1.5  mm. 

The  transverse  wakefield  caused  by  a  drive  bunch  is  given  by 
Wrir,^)  =  -^^^[K2{kpa)Idkpr)  -  j^] 


kW 

xexp( - —)sinkp^. 
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Figure.  4,  Plasma  density  distributions  along  the  beam  axis. 
The  solid  line  shows  trapezoidal  approximation. 
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Figure,  5.  Dependence  of  acceleration  gradient  on  plasma  den¬ 
sity.  Solid  line  shows  prediction  of  a  linear  theory. 


Calculated  and  experimental  value  of  wakefield  are  shown  in 
Fig.  6.  The  experimental  value  is  estimated  from  beam  images 
on  SCI,  SC2andSC3,  assumedlinearfieldand  thin  lens.  Figure 
7  shows  the  dependence  of  beam  sizes  at  the  maximum  focusing 
phase  on  the  plasma  density.  The  beam  sizes  were  observed  at 
the  exit  of  the  energy  analyzer.  The  solid  line  shows  numerical 
simulation.  The  experimental  value  is  smaller  than  the  theoreti¬ 
cal.  The  difference  between  theoretical  value  and  experimental 
one  is  due  to  the  displacement  of  trajectories  of  the  drive  bunch 
and  the  test  bunch. 


Figure.  6 .  Transverse  wakefield  at  the  maximum  focusing  phase. 
Plasma  density  was  1.5  x  lO^^cm"^. 
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Figure.  7.  Dependence  of  beam  sizes  at  the  maximum  focusing 
phase  on  the  plasma  density. 
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I.  INTRODUCTION 

To  the  excitation  of  wakefields  in  dielectric  structure  some 
theoretical  works  are  devoted.  The  project  of  slow  wave  struc¬ 
ture  based  on  this  concept  is  proposed  with  the  acceleration  rate 
up  to  100  MeV/m  [4].  On  Argonne  Lab  the  efforts  are  under¬ 
taken  to  investigate  experimentally  wake-field  excitation  in  di¬ 
electric  by  a  single  high  density  bunch  of  charge  100  nC  and  of 
energy  150  MeV  [5]. 

In  present  work  we  aim  for  two  goals.  Firstly,  instead  of  a  sin¬ 
gle  notsimply  realized  dense  bunch,  the  wake-field  is  proposed 
to  excite  by  a  sequence  of  bunches  of  the  same  total  charge  but 
with  a  smaller  density,  obtained  in  the  resonance  linear  accel¬ 
erator.  Secondly,  plasma  filling  of  the  beam  transit  channel  in 
dielectric  permits  to  avoid  the  excited  field  sagging  at  channel 
axis  that  arises  significantly  the  excitation  efficiency. 

The  electrodynamics  of  dielectric  and  hybrid  plasma- 
dielectric  structures,  the  simulations  of  processes  of  wake-field 
excitation  by  the  sequence  of  bunches  of  relativistic  electrons 
are  represented  in  the  work. 


The  function  ©(a?)  is  equal  1  if  a?  >  0  and  0  if  a?  <  0;  is 
beam  velocity,  /ii,  R2  are  inner  and  outer  radius  of  dielectric 
tube,  €  is  dielectric  permeability,  Jo,  Ji  are  the  zero  and  first 
order  Bessel  functions,  Vb  are  the  zero-order  Weber  functions, 
To  is  the  bunch-to-bunch  time,  N  is  the  number  of  particles  of 
bunch.  The  frequencies  ,  excited  by  an  electron  bunch,  are 
found  from  the  dispersion  equation 


^J_n 


-^Fo(ae„a)  =  0. 
9Sn 


(1) 


The  experiments  are  carried  out  on  wake-field  excitation  in 
dielectric  Teflon  tube  by  long  train  of  bunches.  The  installation 
with  plasma  filling  of  transit  channel  in  dielectric  with  plasma 
of  density  up  lO^Scm-s  have  been  prepared,  and  preliminary 
experiments  are  performed. 


The  dielectric  structure  was  calculated  so  that  for  the  param¬ 
eters  of  the  experiment  (e  =  2.6;  7  =  5),  the  frequency  uq 
should  provide  the  synchronism  between  the  fundamental  mode 
of  the  excited  field  (wake-field)  and  the  bunch-repetition  fre¬ 
quency  (jm  of  modulated  beam  bunches 
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The  longitudinal  component  of  electric  field  excited  by  se¬ 
quence  of  N  bunches  in  the  form  of  infinitely  thin  disks  of  radius 
moving  in  the  drift  tube  of  the  plasma  dielectric  structure  is 
given  by  the  expression 

_  4eA^  'Ipn  Jo{k_inRb) 

^  ^  ^  En  ks.n  Joi^LriRl) 

X  0(^  —  zfvo  —  iTo)  X 
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In  the  vaccuum  case  (cjp  =  0),  the  crossing  of  the  beam 
and  fundamental  modes  for  the  calculated  transverse  dimensions 
Ri  =  1.1cm,  R2  —  3.5cm  determines  the  frequency  ujo  satis¬ 
fying  condition  (2).  At  moderate  plasma  density  {ujp  <  cu?o),  the 
plasma  waves  are  not  excited  directly  >  Vph)-  However,  the 
field  topography  of  main  electromagnetic  mode  becomes  volu¬ 
metric,  because  e^n  <  0,,  that  enhances  the  efficiency  of  the 
wave  excitation  by  the  bunch.  Note  that  in  the  calculation  of  the 
slowing  plasma-filled  structure,  one  should  take  into  account  the 
resonance  frequency  shift  cdo  due  to  plasma  filling. 

At  high  plasma  densities  (cjp  >  the  wake-field  is  mainly 
excited  as  a  plasma  wave,  and  in  this  case  the  wake-field  in 
the  dielectric  can  arise  due  to  the  parametric  coupling  between 
electromagnetic  and  plasma  waves  (space  periodicity,  plasma 
desnity  modulation,  etc.). 

III. 

Experiments  have  been  run  to  investigate  wave  excitation  in 
the  plasma-dielectric  structure  by  a  sequence  of  relativistic  elec¬ 
tron  bunches.  The  electron  beam  was  produced  by  a  linear  accel¬ 
erator  and  had  the  following  parameters:  energy  -  2  MeV,  indi¬ 
vidual  bunch  length  60  ps,  number  of  bunches  300  to  600,  bunch 
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diameter  1  cm,  number  of  electrons  per  bunch  2  ♦  10®,  beam 
modulation  frequency  fo  =  2825  MHz.  The  energy  spectrum 
of  beam  electrons  could  be  varied  within  8%  to  50%.  Parame¬ 
ters  of  the  dielectric  structure  (DS)  were:  inner  radius  i?i  =  1.1 
cm,  outer  radius  i?2  =  3.5  cm,  length  Z  =  70  cm,  e  =  2.6. 
The  DS  could  be  filled  with  plasma  by  the  use  of  coaxial  plasma 
gun,  through  the  hollow  electrode  of  which  the  beam  passed 
to  the  DS.  The  plasma  density  could  vary  between  10^°cm“^ 
to  lO^^cm  —  3.  For  comparison,  experiments  were  carried  out 
with  both  DS  and  thin  glass  tube,  whose  inner  diameter  coin¬ 
cides  with  that  of  the  DS. 

Beam  current  measurements  at  the  output  of  the  system  have 
shown  that  in  the  glass  tube  case  the  whole  accelerator  output 
current  (4  =  1^)  passed  through  the  tube,  whereas  only  60- 
70%  of  the  beam  current  passed  through  the  vacuum  dielectric 
structure.  For  a  wide  energy  spectrum  (AW/W  =  50%),  the 
beam  passage  through  the  structure  was  about  80  to  90%. 

Energy  spectrum  measurements  by  a  magnetic  analyzer  at 
the  output  from  DS  have  shown  that  for  a  narrow  spectrum 
(AW/W  =  8%)  the  spectral  peak  shifts  by  500  KeV,  i.e.,  25% 
of  the  beam  energy  are  lost.  At  the  same  time,  there  are  some 
electrons  (about  10%)  which  have  energy  higher  than  their  ini¬ 
tial  one.  For  a  small  number  of  bunches  (N=300)  the  shift  of 
the  spectral  peak  decreased  down  to  100-200  KeV.  With  a  broad 
spectrum  (AW/W  =  50%)  there  were  practically  no  energy 
losses  observed.  The  measurements  of  ‘Instantaneous”  spectra 
have  shown  that  the  greatest  energy  losses  were  in  the  middle  of 
the  beam  current  pulse  (t  =  2|ts),  while  the  losses  were  at  the 
head  of  the  beam  pulse. 

The  probes  arranged  at  the  output  of  the  structure  have  indi¬ 
cated  the  presence  of  intense  microwave  radiation  at  the  wave¬ 
length  A  =  10cm  with  both  Ez  and  Ex,  field  components.  The 
spectrum  width  of  radiation  (A/  =10—12  MHz)  is  not  much 
greater  than  the  spectrum  width  of  the  driving  generator  of  the 
accelerator  (A/o  =  8  MHz).  The  microwave  radiation  ampli¬ 
tude  as  a  fraction  of  the  number  of  bunches  that  have  passed 
through  the  structure  (beam  current  pulse  length)  has  shown  that 
the  field  grows  by  nearly  a  linear  law  up  to  3000  bunches.  Then 
the  saturation  sets.  The  same  conclusion  follows  from  the  com¬ 
parison  between  the  oscillogram  of  the  radiation  signal  and  the 
beam  pulse  oscillogram. 

When  the  beam  with  a  broad  electron  energy  distribution 
function  passed  through  the  DS,  microwave  signal  amplitude 
decreased  nearly  by  order  of  magnitude.  With  filling  the  above- 
mentioned  DS  with  plasma  we  have  observed  the  decrease  in 
the  radiation  amplitude  at  the  DS  output  and  the  improvement 
in  the  beam  passage.  This  is  apparently  due  to  the  detuning  of 
synchronism  (2)  with  plasma  filling,  which  results  in  the  off¬ 
set  upwards  of  the  dispersion  curve  corresponding  to  the  funda¬ 
mental  mode.  Experiments  with  fields  excitation  in  the  plasma- 
dielectric  system,  taking  into  account  this  offset,  will  be  contin¬ 
ued. 

IV.  CONCLUSIONS 


of  the  initial  value  are  experimentally  observed.  The  en¬ 
ergy  is  mainly  consumed  to  excite  Wakefields  whose  inten¬ 
sity  is  10  KeV/cm  on  the  average.  In  these  fields  the  bunch 
electrons  acquire  the  transverse  velocity  and  this  results  in 
a  significant  beam  interception  (up  to  40%). 

2.  The  presence  of  probe-detected  microwave  radiation  at  the 
DS  output,  as  well  as  the  dependence  of  microwave  radi¬ 
ation  amplitude  on  the  number  of  bunches  passed  through 
structure,  give  evidence  for  the  summation  of  wake-fields 
of  the  first  3000  bunches. 

3.  The  use  of  a  beam  with  a  broad  electron  energy  func¬ 
tion  essentially  diminishes  the  effects  observed.  This  sug¬ 
gests  the  conclusion  that  for  the  excitation  of  high-intensity 
Wakefield,  it  is  necessary  to  use  bunches  with  a  minimal  en¬ 
ergy  spread. 

4.  Plasma  filling  essentially  changes  electrodynamic  charac¬ 
teristics  of  the  DS.  Therefore,  in  the  calculations  of  DS 
dispersion,  one  should  take  into  account  the  synchronous 
frequency  displacement  caused  by  plasma. 
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Based  on  the  results  obtained  we  can  draw  the  following  con¬ 
clusions: 

1.  As  the  sequence  of  relativistic  electron  bunches  passes 
through  a  dielectric  structure,  the  energy  losses  up  to  25% 
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Described  is  a  focusing  system  for  charged  particles 
in  a  laser  driven  linac,  with  an  accelerating  structure  that  is 
open  on  one  side.  The  structure  is  illuminated  from  the  open 
side  by  a  focused  laser  spot,  which  is  traveling  along  the 
structure  in  correlation  with  the  position  of  the  particles.  This 
method  allows  for  the  reduction  of  the  power  required  fijr 
generation  of  the  necessary  accelerating  gradient,  and  reduction 
of  the  time  of  illumination  of  each  point  in  the  structure.  This 
makes  a  laser  driven  linac  a  realistic  system.  The  focusing 
system  is  a  combination  of  FODO  structure  arranged  with 
quadrupole  lenses  of  appropriate  dimensions  and  RF  focusing. 
The  Final  Focusing  system  is  arranged  with  the  help  of  a 
bifrequency  RF  focusing  system  supplied  by  laser  radiation  of 
fundamental  and  doubled  frequency. 

Introduction 

The  method  proposed  is  described  in  [1].  The  basis  is 
that  the  focused  laser  spot  is  moved  in  the  longitudinal 
direction  by  a  special  sweeping  device,  so  that  the  focal  point 
is  follows  the  particle  in  its  motion  along  the  accelerating 
structure. 

Because  the  sweep  of  the  laser  focus  is  limited  to  a 
distance  of  about  2-3  cm,  the  accelerating  device  looks  like  a 
sequence  of  2  cm  long  accelerating  structures  with  the  focusing 
elements  between  them.  For  an  appropriate  accelerating 
structure,  the  pass  holes  have  a  dimensions  that  is  a  fraction 
of  a  wavelength  of  the  laser  radiation. 

In  this  report  the  focusing  required  to  keep  the  beam 
inside  the  transverse  dimensions  like  a  fraction  of  a 
micrometer  is  explored.  This  is  connected  with  the  smallest 
emittance  available. 

For  realization  of  high  luminosity  the  envelope  function 
in  the  interaction  region  must  be  of  the  order  of  the  bunch 
length,  which  is  about  Ql-lA,  where  A  is  the  wavelength  cf 
the  laser  radiation.  This  requires  the  final  focusing  lenses  have 
extremely  short  focal  lengths  and  placed  close  to  the 
interaction  region. 

The  method 

The  scheme  that  realizes  the  method  proposed  is 
represented  on  Fig.  1.  Here  the  source  of  coherent  radiation  1 , 
provides  a  ray  2  with  necessary  direction  of  polarization.  A 
half  wavelength  plates  are  used  for  preparing  it.  Further  there  is 
installed  an  electro-optical  crystal  3  with  triangle  metallization 
4,  what  makes  the  deflecting  prism  [2]  (a  sweeping  device). 
Focusing  lens  5,  serve  for  focusing  the  laser  beam  in 
longitudinal  direction.  Further,  the  laser  beam  6  goes  through 
a  cylindrical  lens  7  which  focuses  the  laser  beam  on  the  surface 
of  the  structure  8  in  transverse  direction  into  a  spot  9  with  a 
transverse  size  of  a  few  wavelengths  of  the  laser  light.  In  this 
particular  moment,  the  accelerated  particles  are  placed  here. 
The  beam  is  moving  along  the  trajectory  10  and  is  focusing 
by  quadrupole  lenses  11,  12. 


structure  is  represented  also. 

The  operating  voltage  initially  deflects  the  laser  beam  to 
the  beginning  of  the  accelerating  module  (left  side  on  Fig.l). 
Starting  of  this  moment  of  time  and  synchronized  with  the 
motion  of  the  particles  accelerated,  the  sweeping  device  3  is 
supplied  by  the  changing  voltage  on  the  metallization  4.  This 
voltage  changes  the  direction  of  the  laser  beam  6,  so  that  the 
focal  point  9  is  follows  the  beam. 

The  device  1  can  be  treated  as  a  device  for  splitting  the 
light  from  a  unique  source  with  optical  techniques.  This 
yields  a  simple  way  for  the  phase  synchronization  for  few 
modules.  Synchronization  between  the  particle’s  motion  and 
the  focal  spot  motion  must  be  made  in  such  a  manner  that  the 
particles  does  not  on  average,  come  out  of  the  laser  spot. 
The  typical  power  required  to  supply  one  structure  of  2  cm 
long  is  <10  millUoules  in  this  method.  For  radiation  with 
=  mthis  provides  >30  GeV/m. 

After  the  passage  of  one  module,  the  particle  goes  to  the 
second  module  and  so  on. 
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The  size  of  the  laser  focus  in  the  region  of  the  second 
short  focusing  cylindrical  lens  7  defined  by  the  diffraction 
angle  =  A  /  a  where  a  is  the  aperture  of  the  sweeping  device. 
So  it  has  the  order  l^-X  RIuy  where  R  is  the  distance 

between  the  sweeping  device  (lens  5  on  Fig.  1)  and  the  lens  7. 

Utilization  the  shot  focusing  cylindrical  length  7  reduces 
the  transverse  size  of  the  spot  to  the  few  wavelengths  due  to 
that  circumstance  that  it  is  installed  close  to  the  accelerating 
structure  and  the  ratio  r  /  a  -  1 ,  where  r  is  the  distance 
between  the  second  lens  7  and  the  structure  8. 

The  maximal  aperture  of  the  deflecting  system  in 
longitudinal  direction,  can  be  made  equal  to  the  sum  of  the 
accelerating  structure  and  focusing  elements’  lengths.  If  we 
accept  for  the  practical  reason  this  figure  as  a  ^3  cm, 

R- 3m,  then  ratio  R/ a  - 100  .  So  the  diffraction  length 
of  the  spot  in  longitudinal  direction  can  be  of  the  cder 
Ij,  =  lOOA.  This  value  gives  the  maximal  possible  value  fix 

Q  -factor  of  one  cell  of  accelerating  structure. 

The  deflection  angle  may  be  increased  by  the  optical 
elements,  but  the  number  of  resolved  spots  M  is  invariant. 
M^An'(L/X),  where  An  =  An(V)i^  a  change  of 

refraction  index  by  the  voltage  V{t),  applied  to  metallization,  L 
is  the  length  of  deflecting  device  along  the  light  direction.  In 
KDP  (potassium  dihydrogen  phosphate)  crystal  An  =  W^ ,  in 

KTN  (potassium  tantalate  niobat)  crystal  /In  =  7*  10"^  is 

possible  [2,3].  Basically,  M  value  gives  the  number  for  the 
lowering  the  laser  power  and,  also,  the  number  for  reducing 
the  duty  of  the  structure  heating.  For  segmented  crystal 
with  L  =  30  cm ,  one  can  expect  M  =  30  700 . 

Each  part  of  the  grating  structure  is  illuminated  by 
duration,  which  is  defined  by  the  longitudinal  size/^.  For 
example,  if  we  consider  =  lOOA ,  A  =l^m,  then 
( /c  =  3’10"'Wc.  For  A=10/iw  this  value  is  ten  times 
more. 

The  dimensions 

The  number  of  the  particles  required  for  the  method  [1]  is 
four  orders  of  magnitude  lower,  than  for  the  linear  collider 
projects  with  the  same  level  of  luminosity. 

A  lot  of  damping  rings  were  considered  for  linear  collider 
schemes.  The  typical  emittances  referred  to  3  GeK  are 
£ , -  5-  cm- rad  -  radial  and  ^  5  10'* Vw  •  rad-  vertical.  The 
energy  spread  about  cr^  —lO"^  and  the  bunch  length 
cr^=5mm.  The  length  of  the  beam  after  one  stage 
compression  is  of  the  order  500  jum  and  the  number  of  the 

particles  is  about  A  10*° .  The  second  stage  compresses  the 
beam  typically  to  100^  at  10  GeV.  So  if  we  need  only 
A/  «  1 CP  we  can  loose  four  orders  of  magnitude  in  intensity 
by  scrapping  the  extra  particles  ejected  from  appropriate 
damping  ring,  thereby  coming  to  the  necessary  figures  in  the 
emittance  10'*°  cm -rad  at  3  GeV.  For  pre-bunching  the  FEE 
mechanism  can  be  used  here. 

There  are  proposals  for  an  accelerating  structure  what 
could  be  scaled  to  the  wavelength,  corresponding  to  laser 
radiation  [4,5,6].  We  will  consider  the  requirements  for  the 


structure  described  in  [5]  (See  Fig.l).  The  channels  for  the 
passing  of  the  beam  have  a  size  8  <  0.2  A . 

Transverse  electron  focusing 
The  beam  size  must  be  keepd  small  enough  to  pass  trough 
the  channels.  A  short  wavelength  of  betatron  oscillations  helps 
against  the  resistive  wall  instability  [7]  and  wakefield  influence 
reduce.  The  longitudinal  and  transverse  wakes  normalized  for 
one  cell  sacQ  =  -7kV/pC  and  Wj^b2.2-\0^  V /pC /pm 

correspondly  for  the  accelerating  structure  with  A=10/im 
,S  =  2pm,  w  =  7//m(see  Fig.l)  and  the  bunch  with  the 
longitudinal  length  <7/  =  1  m  [8]. 

The  focusing  system  includes  the  quadrupole  lenses  of 
appropriate  dimensions  and  a  RE  focusing  of  different  nature. 
The  lenses  are  displayed  at  the  distance,  which  defined  by  the 
emittance  of  the  accelerating  beam  between  the  grating  and  by 
technical  reasons.  In  case  of  the  traveling  laser  focus  supply, 
this  is  the  maximal  possible  sweeping  distance  for  the  unit,  ff 
we  consider  the  focusing  system  such  as  FODO  structure,  with 
the  lenses  having  the  length  21  with  the  distance  between  them 
L  ,  the  period  of  FODO  structure  will  be  equal  to  2(L+/). 
For  the  betatron  tune  shift  we  have  an  expression 
CosiX=\  —  (L  +  2lfl2F^,  where  F  is  the  lens  focal 


distance.  So  F  =  (L+  2/)/ .^(1-  Co^i}-  (Hp)/ (2GI) ,  where  G 
is  the  lens  gradient,  (Hp)  is  the  magnet  rigidity  of  the 
particle.  From  the  last  expression  it  yields 

G/(Hp  )  =  k  =  yp.(l-Cosp)  1(2  l(L  +  21)), 

where  k  is  the  focusing  parameter  of  the  lens,  k  [1/m^  ]  = 
3'G[kGs/cm]/p[GeV/c].  The  modulation  M  of  the  p- 
function  between  the  lenses  looks  like  [9] 


1  -^tanh  <p'  H-  J 

- 7 - Z — Y 

1  —tan<f)'\tanh(l)  I 


<j)=l^  -is  the  phase  shift  in  the  half  of  the  lens.  If  we 
estimate  L  -  2  cm,  /  =  0.2  cm,  p-n/6,  then 
ifc  =  0.5/(2/fL  +  2/j)=0.5-10V(2-2-24j  =  510'  l/m^  , 

(j)'^  =  P  k  =  2- 10"^ ,  and  =  1.5.  For  maximal  value  cf 
the  envelope  function  we  have  [9] 

1  I  2  +  L//  2M‘(L+2l)  I  2  +  L// 

“  ,J2(l-Co4i)  y2/3  +  L/l 

which  for  previous  values  of  L  and  /  gives  P^  =15cm 


and  B  =10cm.  If  the  beam  has  the  emittance 

»  mm 

e  =  cm- rad ,  then  the  transverse  beam  size  will 

be  of  the  order  =  ’j£p^  =  3.9  •  10"^  cm,  or  0.4  jU  m  . 

Thus,  the  focusing  with  the  quadrupole  lenses  at  initial 
stage  of  acceleration  is  acceptable  only  for  the  wavelength  cf 
the  laser  light  about  10  pm,  what  defines  the  transverse 

dimensions  of  the  structure. 
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With  such  dimensions,  the  radius  of  aperture  b  of  the 
quads  can  be  also  made  small  enough,  providing  high 
gradient  G  with  small  value  of  the  pole  field  H,  G-  H/ b . 
If  we  estimate  H^\5  kGs,  i  =  0.01  mm  (20  /im  in  dia  of 


aperture),  then  G  =  15-  10%Gs/cm.  From  the  other  side,  fix- 
obtaining  the  value  k[l/m^]  for  the  particles  with 
momentum  p  [GeV/c],  the  gradient  required  is  G  =  Q3pk, 


For  the  particles  with  p  -  10  GeV/c,  this  yields  fir 
A:  «  5  10^  •  1/m^ ,  G=  1.5  •  10*  kGs/cm.  At  higher  energy 
the  actual  emittance  becomes  adiabatically  lower  and  the 
envelope  function  value  can  be  increased. 

Let  us  estimate  the  RF  focusing  [10,11]  what  occurs  if 
the  particle  is  going  out  of  the  RF  crest  in  a  phase  (p .  x,  y 


«0 

axes) 


(the  transverse  coordinates,  calculated  from  the  beam 
the  effective  factors  of  the  lens  can  be  evaluated  as 


eXE_ 


pc  dx  2mc^yw^ 


Sin(p* 


k 


y 


1  eXE„  ’ 

pc  dy  Imc^ywh 


•Sinq>  • 


Substitute  here  A  =  10/^,  y  =  2-10*(10  GeV), 

a  10”  V/m  ,  we  obtain  k^  «  2  l0^5m(p[»^"M.  There  is  a 

proposal  to  use  this  force  for  alternating  phase  focusing  (APF), 
when  the  phase  of  the  beam  with  respect  to  the  RF  crest  is 
periodically  changed,  (p=  ±9^  [11].  In  our  case  this  can  be 

made  by  arranging  periodical  delay  of  the  accelerating  light 
arriving  to  the  grating,  for  example,  by  modulation  of  the 
thickness  of  the  lens  7. 

The  possible  scheme  also  is  that  the  RF  focusing  by  the 
slots  of  the  structure  is  going  in  horizontal  direction  and 
vertical  focusing  made  by  quadrupoles.  This  can  reduce  the 
betatron  wavelength,  in  principle,  two  times. 

The  final  focus 

If  we  suppose,  that  the  beta  function  value  in  the 
interaction  region  *  is  of  the  order  of  the  bunch  length  a ^ , 

i.e.  (J^«j3*  =  0.5  pm,  then  the  variation  of  the  envelope 
function  from  the  interaction  point  at  the  distance  s=^  I  cm 
will  be  iS  =  i3*  +  5 7)3*  » 1/0.5  •  10-'*  =  2-  10'‘cm .  With 
such  an  envelope  function  will  be  of  the  order 

1.4-10“^  cm,  or  1.5  micrometers  for  the 

transverse  emittance  value  Ky^^cm  rad. 

The  mostly  natural  way  to  arrange  the  final  focus  lens  is 
the  RF  focusing,  discussed  above.  A  laser  radiation  Of  general 
and  multiple  frequency  can  be  used  here. 

The  laser  radiation,  phased  with  the  main  driving  one  can 
excite  the  single  groove  directly  from  the  side.  The  quadrUpole 
parameter  for  the  particle  what  is  going  out  of  the  RF  crest  is 
described  above.  Substitute  here  A  =  10/iw,  7  =  210®  (pc 

=lTeV),  w^5pm  ,  E^-W^V/m,  we  obtain 

k^^  4- 10^  'Sin(p[m'^].  For  (p^n/1  this  expression  has  a 

maximum  and  variation  of  the  focusing  strength  has  a 
quadratic  dependence  with  the  deviation  ip  from  the  angle 

cp -7c/2,  k^^Cosyr.  For  the  longitudinal  length  of  the 
grove  about  g  =  5fJm  ,  the  focal  distance  will  be 


F  s  1/kg  =  1/4  •  10^5  •  10-^  5  [Meters/cell]. 

Equivalent  gradient  of  the  quadrupole  lens  is 
G=  QSpAs  12  10’ AG5/ cm.  Of  cause  there  is  no  possibility 
to  arrange  a  magnetic  quadrupole  with  such  a  gradient.  So  the 
lens  with  «  500  cells  will  have  the  focal  length  1  cm.  So, 
this  multicell  lens  will  have  the  total  length  of  0.5  cm. 

For  flattering  the  longitudinal  dependence  of  the  gradient 
(elimination  the  quadratic  term  in  «  Cos  as  a  function 

of  y/ ),  one  can  use  the  second  and  higher  harmonics  of  the 

laser  radiation,  excited  an  additional  groove,  placed  on  the 
beam  trajectory  close  to  the  first  groove.  For  phasing,  the 
highest  harmonics  can  be  generated  by  the  multiplying  the 
frequency  in  nonlinear  crystal.  As  initial,  the  splitted 
radiation  from  the  general  source  can  be  used  both  for  driving 
the  first  harmonic  grove  and,  after  doubling,  the  second 
groove.  For  arranging  a  doublet  of  the  focusing  lenses,  one 
can  use  the  phase  shift  between  the  RF  crest  and  the  beam 
(p-  -k/2  ,  Such  a  tiny  lens,  not  sensitive  for  the  magnetic 

field  can  be  easily  installed  inside  the  detector. 

Conclusion 

Due  to  emittances  available,  the  first  stage  of  the  laser 
driven  linac  at  the  energy  about  10  GeV  will  require  a  10 
jUm  wavelength  if  the  only  FODO  structure  with  the 

quadrupole  lenses  is  used. 

The  necessity  to  obtain  the  beta  function  in  the  interaction 
region  of  the  order  of  Ip  m  requires  very  strong  focusing 

lenses.  The  RF  focusing  system  looks  attractive  for  this 
purpose. 

The  general  conclusion  is  that  the  necessary  focusing  can 
be  arranged  for  the  system  described. 
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Abstract 

The  design  for  a  high-luminosity  superconducting  stor¬ 
age  ring  is  presented  based  on  fast-pass  caJculations.  Special 
attention  is  paid  to  two  low-^  interaction  regions  (IR)  whose  op¬ 
tics  are  literally  interlaced  with  the  collider  detectors.  Various 
sources  of  backgrounds  in  IR  are  explored  via  realistic  Monte 
Carlo  simulations.  An  improved  design  of  the  collider  lattice  in 
the  neighborhood  of  the  interaction  points  (IP)  is  determined  by 
the  need  to  reduce  significantly  background  levels  in  the  detec¬ 
tors. 

L  INTRODUCTION 

An  increasing  interest  to  a  high-energy  high-luminosity 
collider  project  [1],  [2]  is  based  on  the  high  physics  potential  of 
such  a  machine  [3]  beyond  what  can  be  accomplished  at  e’^e^ 
and  pp  (LHC)  colliders,  Even  though  there  are  some  problems 
to  be  examined,  especially  on  a  technical  side,  no  obvious  show 
stopper  has  yet  been  found  [4] ,  The  collider  complex  will  consist 
of  a  few  essential  parts:  a  high-intensity  rapid-cycling  10  to  30 
GeV  proton  synchrotron,  muon  production  and  muon  cooling 
sections,  a  cascade  of  re-circulating  linacs,  and  a  2-TeV  storage 
ring  providing  collisions  in  two  regions  with  a  luminosity 
«  This  paper  deals  with  a  prototype  design  for 

the  final  stage,  2x2  TeV  collider.  This  is,  to  our  knowledge 
the  fast  complete  lattice  of  the  2x2  TeV  collider  with  a  of 
3mm  [5].  Muon  decay  and  beam  loss  induced  backgrounds  in  the 
collider  detectors  have  the  potential  of  killing  the  whole  concept 
unless  there  is  significant  suppression  via  special  shielding  in  the 
vicinity  of  the  detector  [6].  Here  we  continue  collider/detector 
interface  study  to  mitigate  further  this  problem. 

IL  LATTICE  DESIGN 

This  is  a  geometric  design,  that  is  the  beam  energy  does  not 
enter  into  the  properties  of  the  elements  of  the  design.  At  the 
muon  beam  energy  of  2  TeV,  and  with  superconducting  dipoles  of 
^^8T  the  circumference  of  the  ring  is  ^«6km,  which  corresponds 
to  ^  1000  turns  for  the  ^^25ms  beam  lifetime.  This  model  design 
has  been  constrained  as  follows  [5]: 

•  it  uses  magnets  which  are  reasonable  extrapolation  from 
existing  superconducting  magnets; 

•  the  /?*  at  the  interaction  point  be  3mm  in  both  planes; 

•  the  dispersion,  rj  at  the  interaction  point  be  zero; 

•  the  lattice  has  two  low-^  IRs  and  two  long  high-^  utility 
straight  sections; 

•  the  lattice  functions  at  the  end  of  the  insertions,  low-)8  and 
bigh-^,  be  matched  with  the  lattice  functions  in  the  arcs. 

•  Work  supported  by  the  U.  S.  Department  of  Energy  under  the  contract  No.  DE- 
AC02-76CH03000 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


Lattice  design  calculations  are  done  with  the  MAD  and 
TEVLAT  codes  [7],  The  design  of  a  dispersion  killer  is  most 
inexpensively  done  if  the  phase  advance  of  the  standard  cell  is 
either  60®  or  90®.  We  have  chosen  a  60®  phase  advance  for  the 
standard  cell.  The  other  parameter  for  the  standard  cell  is 
In  principle  this  is  arbitrary  but  in  order  to  match  the  low-)3  inser¬ 
tion  into  the  arcs  we  found  it  better  use  a  relatively  low  p^ax  of 
75m.  With  a  more  elaborate  IR  it  would  be  possible  to  use  a  larger 
value.  The  advantage  of  a  larger  value  might  be  to  increase  the 
packing  fraction,  the  percentage  of  the  ring  filled  with  dipoles, 
and  hence  reduce  the  cost,  and  the  length.  With  Pmax~'^5m  the 
packing  fraction  in  the  standard  cell  is  91%. 

The  design  of  the  utility  straights  is  straight  forward  using  the 
idea  of  matching  quads  due  to  Tom  Collins.  The  at  the  middle 
of  the  straight  is  200m  but  can  be  adjusted  within  reasonable  lim¬ 
its.  Within  the  utility  straight  the  maximum  p  is  «300m.  The 
dispersion  across  the  utility  straight  is  matched  by  having  disper¬ 
sion  killers  at  each  end  of  the  straight.  This,  of  course,  length¬ 
ens  the  ring,  and  if  a  zero  dispersion  straight  is  not  needed  then 
perhaps  a  different  design  could  be  developed.  The  designed  the 
low-^  IR  matches  to  the  arcs.  The  parameters  of  the  quadrupoles 
are  shown  in  Table  1  for  (Bp)=667 1.28 139  at  2  TeV. 

Table  1  :  Quadrupole  parameters  in  the  arc  FODO  cells,  util¬ 
ity  straight  sections,  low-)5  triplets,  and  IR/FODO  matching 
sections.  F=(G/(Bp))^/^(m"'). 


Sector 

Name 

Length(m) 

F 

G(T/m) 

FODO 

QFl 

1.257 

0.1929 

248.2569 

Utility 

QFCl 

4.200 

0.1306 

113.7638 

QF2 

4.200 

0.1235 

101.8044 

QF3 

4.200 

0.1462 

142.5645 

Low-^ 

QFTl 

3.467 

0.1982 

262.0556 

QFT2 

7.548 

0.1982 

262.0556 

QFT3 

3.762 

0.1982 

262.0556 

Matching 

QFMl 

2.769 

0.0794 

42.0365 

QFM2 

2.859 

0.0932 

57.9832 

QFM3 

5.166 

0.1823 

221.7979 

QFIX 

0.066 

0.1929 

248.2569 

The  tunes  for  this  lattice  depend  on  the  number  of  FODO  cells 
in  the  arcs  and  can  be  adjusted  with  correction  quadrupoles.  The 
natural  chromaticity,  that  is  the  chromaticity  with  no  sextupole 
correctors,  is  very  large  with  ^  -3500,  that  comes  firom 

the  low^p  insertions.  One  can  correct  this  chromaticity  with  cor¬ 
rectors  in  the  arcs  in  which  case  one  needs  very  strong  sextupoles 
B"/(Bp)  to  be  compared  with  the  values,  B^'/(Bp)  ^ 
4x  10^^,  typically  used  in  the  Tevatron  to  correct  and  control 
the  chromaticity.  Sextupoles  in  the  insertions  cannot  be  used  to 
correct  the  chromaticity  because  of  the  zero  dispersion  in  the  in¬ 
sertions. 
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III.  APERTURES  AND  IMPERFECTIONS 

The  current  lattice  design  has  no  non-linear  elements  or  im¬ 
perfections.  The  stable  region  will  have  a  non-zero  value  for  the 
non-integer  part  of  the  tune.  With  a  chromaticity  of  ^^-3500  this 
yields  a  full  width  for  the  momentum  aperture  of  1/3500  or 
2.8x10“^.  This  has  been  confirmed  with  a  modeling  code.  With 
the  chromaticity  correcting  sextupoles  third  integer  values  of  the 
tune  become  unstable  as  well  as  integer  values.  In  addition  the 
chromaticity  is  now  non-linear.  Model  calculations  indicate  that 
the  momentum  aperture  is  reduced  by  perhaps  a  factor  of  2. 

For  the  linear  lattice  the  dynamic  aperture  is  given  by  the  value 
of  P  in  the  physical  aperture.  At  the  maximum  value  of  in  the 
lattice,  which  occurs  in  the  inner  triplet,  of  ^2x  lO^m  (200km) 
and  a  radius  for  the  physical  aperture  of  80mm  as  in  [2] ,  [4] ,  [6] , 
the  maximum  normalized  emittance  is  600;r  mm  mr.  Using 
in  addition  the  results  of  shower  siniulations  ([6]  and  the  follow¬ 
ing  section)  and  a  realization  of  the  problems  with  large,  very 
high  field  magnets,  we  have  found  that  45mm  radius  aperture  in 
the  triplet  (±  1 10m  from  the  IP)  and  25mm  radius  aperture  in  the 
rest  of  the  ring  is  an  optimal  choice.  The  size  of  the  dynamic 
aperture  has  been  confirmed  by  tracking  calculations.  The  dy¬ 
namic  aperture  is  not  restricted  by  the  values  of  the  chromaticity 
sextupoles. 

An  ideal  lattice  is  described  here,  i.  e.  a  lattice  whose  com¬ 
ponents  have  precisely  the  strengths  given  by  the  lattice  design 
code.  Further  calculations  based  on  a  model  with  magnet  er¬ 
rors  are  obviously  needed.  One  point  is  interesting  however. 
The  collider  is  the  only  collider  where  one  can  track  for 

the  full  life  time  of  the  beam  (^1000  turns)  using  a  reasonable 
amount  of  computer  time. 

Imperfections  in  the  magnets  in  the  low-^  quadrupoles  will 
result  in  a  mismatch  in  the  lattice  functions  and  will  generate  a 
wave”.  One  can  get  an  idea  of  the  magnitude  of  the  problem 
by  looking  at  the  lattice  functions  for  a  off-momentum  particle. 

i  -  I  i 
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Figure.  1.  Beta  functions  in  the  interaction  region 


Figure  1  shows  the  lattice  functions  in  the  low-j3  region  for 
particle  of  nominal  momentum.  The  maximum  value  of  ^  is 
f^200km.  For  a  Ap/p  of  10“^  (this  value  of  Ap/p  is  equiv¬ 
alent  to  changing  the  strengths  of  all  the  quadrupoles  in  the 
ring  by  5x  10“^)  the  maximum  value  of  P  is  somewhat  smaller 
(f^l7.5x  lO^m)  and  is  increase  to  3.5mm.  In  the  arcs  is  a 
strong  wave”  appears,  which  does  not  cause  a  loss  of  dy¬ 


namic  aperture.  ITie  effect  of  the  momentum  offset  in  the  utility 
straights  is  negligible.  One  infers  from  this  that  if  we  want  the 
lattice  to  match  then  we  will  need  to  control  the  strengths  of  the 
low-)3  quads  to  10"^ 

IV.  BACKGROUNDS 

Shower  simulations  are  done  with  the  MARS  code  [8].  The 
calculations  include  forced  muon  decays,  the  tracking  of  elec¬ 
trons  with  emission  of  the  synchrotron  photons  along  the  track, 
the  simulation  of  electromagnetic  showers  in  the  accelerator  and 
detector  components  induced  by  electrons  and  synchrotron  pho¬ 
tons  hitting  the  beam  pipe,  and  simulation  of  muon  interactions  in 
the  lattice  and  detector  including  electromagnetic  showers  origi¬ 
nating  from  those  interactions.  The  3-D  geometry  and  magnetic 
fields  in  the  triplet  and  in  the  model  detector  are  used.  Figure  2 
shows  the  y  and  e^e—  spectra  in  the  lattice  elements  closest  to 
the  IR  Note  the  very  high  energy  of  decay  electrons  TeV  and 
photons  ^1  GeV,  and  enormous  number  of  those  photons. 
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Figure.  2.  Photon  (left)  and  electron/positron  (right)  energy 
spectra  in  the  inner  triplet  accelerator  components 


Due  to  the  energetic  showers,  a  source  term  for  backgrounds 
in  the  central  detectors  is  extended  over  hundred  meters  from  the 
IP.  As  was  found  in  [6]  the  most  efficient  way  to  suppress  back¬ 
ground  levels  is  a  collimation  as  close  to  the  detector  as  possible. 
Especially  helpful  is  a  very  small  tapered  aperture  tungsten  noz¬ 
zle  sitting  in  the  0.1 5-1. 2m  region  from  the  IP  with  the  low-)0 
quadrupole  starting  at  1.2m  inside  the  detector.  Figure  3  shows 
charged  particle  fluxes  in  the  central  tracker  per  crossing  of  two 
10^^  muon  beams.  Fluxes  are  dropping  rapidly  with  distance 
from  the  beam  axis,  but  at  the  flux  maximum  these  are  unaccept¬ 
ably  high. 

One  sees  that  with  the  tungsten  nozzle  the  fluxes  are  signif¬ 
icantly  reduced.  With  additional  collimators  in  the  triplet  the 
overall  effect  can  be  as  high  as  a  factor  of  5(X),  with  maximum 
hit  rate  of  order  of  200-400  cm~^.  Further  reduction  is  possible 
with  a  suppression  of  synchrotron  photon  production  by  keeping 
the  high  field  dipoles  as  far  from  the  IP  as  possible.  Results  for 
the  lattice  [6]  with  a  dipole  field  in  the  triplet  turned  off  are  shown 
in  Fig.  3.  Backgrounds  in  the  part  of  the  tracker  toward  the  ring 
center  are  thousands  times  lower.  On  the  outside  the  reduction 
is  about  a  factor  of  2  to  5.  This  approach  is  incorporated  into  the 
proposed  lattice  where  the  nearest  dipole  starts  at  130m  from  the 
IP.  Figure  4  shows  a  contribution  to  energy  deposition  in  the  cen¬ 
tal  tracker  (6<r<  100cm)  from  muon  decays  along  the  IR.  The 
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Figure.  3.  Distribution  of  e'^e~  flux  in  the  central  tracker  hor¬ 
izontal  plane.  1  -  no  collimation,  2  -  with  tungsten  nozzle,  3  - 
dipole  field  turned  off  in  the  triplet 

existence  of  long  drifts  in  the  proposed  lattice,  gives  possibilities 
for  a  collimation  and  spoiling  in  a  vicinity  of  the  detector. 


Distance  from  IP  (m) 

Figure.  4.  Cumulative  energy  deposition  in  the  central  tracker 
as  a  function  of  shower  origin  coordinate 

The  detector  muon  system  can  be  protected  from  low-energy 
large-angle  particles  created  along  the  lattice  with  a  shielding 
wall  at  f^20m.  Its  efficiency  for  the  reduction  of  showers  and 
neutrons  can  be  as  high  as  required.  As  for  the  muon  component 
other  measures  are  needed  such  as  a  beam  scraper  system  well 
upstream  of  the  IR. 

V.  HEAT  LOAD  TO  SC  MAGNETS 

Due  to  muon  decays  30  Joules  of  energy  are  deposited 
in  every  meter  of  the  ring.  With  the  10  to  30  Hz  repetition 
rate  this  results  in  a  heat  load  which  significantly  exceeds  the 
levels  tolerated  in  existing  superconducting  (SC)  magnets.  Our 
calculations  show  that  in  addition  the  peak  energy  deposition  in 
the  coils  exceeds  the  quench  limit.  The  problem  is  especially 
serious  in  the  fipeak  region.  The  way  to  mitigate  this  would  be  to 
intercept  most  of  the  shower  energy  at  the  nitrogen  temperature 
level  by  inserting  a  liner  between  the  beam  pipe  and  the  SC  coils. 
We  found  that  a  copper  liner  does  a  good  job.  With  the  coil 
apertures  defined  above,  the  liner  occupies  the  region  between 
10  and  25mm  in  the  arcs,  and  30  and  45mm  in  the  triplet.  Further 
optimizations  are  certainly  required. 

VI.  CONCLUSIONS 

A  prototype  lattice  for  a  collider  has  been  constructed. 
The  dynamic  aperture  is  determined.  The  momentum  aperture 


is  found  first  by  the  chromaticity  of  the  lattice,  and  if  the  chro- 
maticity  is  corrected  by  sextupoles,  by  the  third  order  resonance. 
The  practical  physical  aperture  with  a  15-mm  copper  liner  is  de¬ 
termined  compatible  with  beam  dynamics,  detector  performance 
and  heat  load  in  the  SC  magnets.  The  effect  of  the  IR  scheme  on 
particle  fluxes  in  the  collider  detector  has  been  studied. 
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Abstract 

Here,  we  propose  to  develop  an  effective  method  for  cooling 
and  accelerating  muons  by  channeling  them  in  a  crystal 
structure.  Leading  schemes  for  future  high  energy  \i~ 
colliders  [1,  2]  rely  on  fast  cooling  and  high  gradient 
acceleration  of  short-lived  muons.  This  experiment  aims  to 
prove  that  both  processes  can  be  integrated  and  achieved  in  the 
ultra-strong  focusing  environment  of  a  solid  state  system. 
Practical  demonstration  of  transverse  cooling  in  a  continuous 
focusing  channel  and  verification  of  theoretically  predicted 
cooling  efficiencies  are  the  first  steps  towards  meeting  the 
challenges  of  colliders  [2].  Furthermore,  experimental 
demonstration  of  high-acceleration  gradients  around  GeV  per 
meter  promised  by  the  high  fields  in  a  crystal  channel  would 
make  [r  colliders  a  real  possibility. 

I.  THEORETICAL  OVERVIEW 

A.  Cooling 

Recent  results  on  the  radiation  reaction  of  charged 
particles  in  a  continuous  focusing  channel  [3],  indicate  an 
efficient  method  to  damp  the  transverse  emittance  of  a  muon 
beam.  This  could  be  done  without  diluting  the  longitudinal 
phase-space  significantly.  There  is  an  excitation-free  transverse 
ground  state  to  which  a  channeling  particle  will  always  decay, 
by  emission  of  an  X-ray  photon.  In  addition,  the  continuous 
focusing  environment  in  a  crystal  channel  eliminates  any 
quantum  excitations  from  random  photon  emission,  by 
constraining  the  photon  recoil  selection  rules.  A  relativistic 
muon  entering  the  crystal  with  a  pitch  angle  of  6p  that  is 
within  the  critical  channeling  angle  of  a  few  mrad,  will  satisfy 
the  ’’undulator”  regime  requirements  given  by  the  following 
inequality 

Y0p  «  1.  (1) 

In  this  case,  the  particle  will  lose  a  negligible  amount  of  the 
total  energy  while  damping  to  the  transverse  ground  state. 
Muons  of  the  same  energy  but  different  0p  will  all  end  up  in 
the  same  transverse  ground  state,  limited  by  the  uncertainty 
principle.  Theoretically  predicted  ground  state  emittance  is 
given  by  the  following  expression 

Y^min  ”  2  * 

where  is  the  Compton  wavelength  of  a  muon. 
Following  the  solution  of  Klein-Gordon  equation  [3],  photons 
emitted  in  a  "dipole  regime",  given  by  Eq.(l),  obey  the 
following  selection  rule 

An  =  Ui  -  Uf  =  1  ,  (3) 


linking  energies  of  the  initial,  Ej,  and  the  final ,  Ef,  state  of  a 
radiating  particle  according  to  the  following  formula 

Ef  «  Ei  [l  -  |(7ep)"]  .  (4) 


which  yields  a  small  longitudinal  energy  spread. 

This  combination  of  both  the  transverse  and  the 
longitudinal  phase-space  features  makes  a  radiation  damping 
mechanism  a  very  interesting  candidate  for  transverse  muon 
cooling  in  an  ultra  strong  focusing  environment  inside  a 
crystal. 

For  jLi'^s  channeling  in  a  Silicon  crystal  the  characteristic 
transverse  damping  time,  T,  is  given  by  the  following  formula 


e<|)i 

3m^c  ’ 


(5) 


where  r^  is  the  classical  radius  of  a  muon  and  e<|)i  =  6  x  10^^ 
GeV/m^  is  the  focusing  strength  for  Silicon  crystal  [4]. 

Although  the  characteristic  damping  time,  x  »  10“^  sec, 
for  a  spontaneous  channeling  radiation  damping  is  rather  long 
one  can  enhance  the  lattice  reaction  [9]  by  using  the  crystal 
lattice  as  a  micro-undulator  (external  strain  modulation  of  the 
inter  atomic  spacing  in  the  crystal  lattice,  e.g.  an  acoustic 
wave  of  wavelength  [).  If  the  acoustic  wavelength,  4  matches 
the  Doppler  shifted  betatron  oscillations  of  the  beam, 
according  to  the  following  matching  condition 


=V2f 


(6) 


a  stimulated  enhancement  of  the  channeling  radiation  will 
occur  ~  similar  effect  to  the  FEL  amplification.  In  fact,  if  one 
could  generate  a  standing  acoustic  wave  of  sizable  amplitude 
in  a  crystal,  then  the  relaxation  time  would  shorten  the 
damping  time  by  more  than  three  orders  of  magnitude. 


B.  Acceleration 

According  to  previous  calculations  [4,  6],  one  can  achieve 
acceleration  gradients  of  GeV/m  in  the  high  fields  found  in  a 
crystal  channel.  The  first  paper  [4]  explores  the  idea  of  inverse 
FEL  coupling  to  a  high-power  optical  driver.  A  strain 
modulated  Silicon  crystal  acts  as  a  microundulator  for  a 
channeled  muon  beam.  This  crystal  is  then  placed  in  an 
optical  cavity  -  between  two  axicone  mirrors  powered  by  a 
GWatt  laser  at  visible  frequencies. 

A  beam  of  relativistic  particles  while  channeling  through 
the  crystal  follows  a  well  defined  trajectory.  For  planar 
channeling  of  charged  particles  in  [110]  crystallographic 
direction  the  center  of  the  channeling  axis  is  modulated  by  the 
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acoustic  wave  periodicity  to  produce  an  undulator  effect:  i.e., 
the  particles  are  periodically  accelerated  perpendicular  to  their 
flight  path  as  they  traverse  the  channel.  The  micro-undulator 
wavelength,  (for  a  typical  acoustic  modulation)  falls  in  the 
range  lOOO-SOOOA,  far  shorter  than  those  of  any  macroscopic 
undulator.  Furthermore,  the  electrostatic  crystal-fields  involve 
the  line  averaged  nuclear  field  and  can  be  two  or  more  orders  of 
magnitude  larger  than  the  equivalent  fields  of  macroscopic 
magnetic  undulators.  Both  of  these  factors  hold  the  promise  of 
greatly  enhanced  coupling  between  the  beam  and  the 
accelerating  electromagnetic  wave. 

The  key  to  collective  acceleration  via  inverse  FEL 
mechanism  is  a  spontaneous  bunching  of  initially  uniform 
beam  channeling  through  a  periodic  crystal  structure  and 
interacting  with  the  electromagnetic  wave.  Appropriate  phase 
matching  results  in  energy  flow  from  the  wave  to  the  particle 
beam.  This  particular  kind  of  particle  density  fluctuation  has 
the  form  of  a  propagating  density  wave  of  the  same  frequency, 
CO,  as  the  emitted  electromagnetic  wave.  The  phase  velocity  of 
the  moving  bunch  matches  the  velocity  of  particles  in  the 
beam.  This  energy-momentum  conservation  condition 
translates  into  the  following  acoustic  -  optical  wavelength 
constraint 

+  P  =  l,  (7) 

which  in  our  numerical  example  fixes  the  accelerating  optical 
wavelength  aiX-  1000  nm. 

The  nominal  acceleration  efficiency  in  units  of  MeV/m 
will,  obviously,  depend  on  the  energy  density  of  the  actual 
optical  cavity.  The  recent  advances  in  high  power  laser 
technology  based  upon  diode  laser  pumped  solid  state  lasers 
[5]  promise  a  power  of  a  few^MWa^t^s,  optically  focused  to 
provide  energy  densities  of  E  =10  V/m,  where  E  is  the 
electric  field  amplitude  of  the  standing  cavity  mode.  The  final 
accelerating  efficiency  [4]  is  equivalent  to  an  accelerating 
gradient  of  2  GeV/m. 

One  can  also  test  the  inverse  Cerenkov  acceleration 
mechanism  [6],  since  the  index  of  refraction  for  Silicon  is 
very  large,  n  =  1.5.  Matching  the  phase  velocity  of  the  optical 
mode  to  the  muon  velocity  requires  relatively  large  crossing 
angle  (between  the  beam  and  the  laser  pulse).  This  enhances 
the  longitudinal  projection  of  the  radial  component  of  the 
electric  field,  which  in  turn  yields  high  accelerating  gradient. 

n.  EXPERIMENTAL  OVERVIEW 

The  experiment  will  be  done  in  three  stages.  The  first 
step,  called  the  transmission  experiment,  will  show 
channeling  of  muons  in  a  4-mm  thick  Silicon  crystal  wafer. 
The  second  step  will  measure  the  cooling  of  channeled  muons. 
Finally,  the  third  step  will  incorporate  acceleration. 

A.  Phase  I  -  Transmission 

TRIUMF's  Ml 3  beamline  is  the  best  choice  for  effective 
channeling  through  a  4-mm  sample  of  Silicon  crystal.  It 
provides  surface  muons  at  high  intensity  -  about  1.2  x  10^  per 


second  [7].  They  carry  momentum  of  35  MeV/c  with  a 
longitudinal  spread  of  about  4%  FWHM.  As  a  TRANSPORT 
simulation  shows,  for  optimum  tuning  of  the  final  focus 
quadrupole  doublet  in  Ml 3  one  could  achieve  a  spot  size  of  2 
cm  X  2  cm  with  horizontal  and  vertical  divergences  of  10  mrad 
and  65  mrad  respectively.  The  critical  planar  channeling  angle 
in  a  Silicon  crystal  is  about  12  mrad  for  35  MeV/c  positive 
muons,  if  one  extrapolates  critical  angle  measurements  from 
proton  channeling  [8].  In  this  case,  a  sizable  fraction  of  the 
incident  muons  will  channel  into  the  crystal. 

We  intend  to  carry  out  a  measurements  of  the  critical 
angle  for  channeling  muons  and  the  ionization  energy  loss  for 
channeled  versus  unchanneled  muons.  We  will  use  the  35 
MeV/c  momentum  surface  muons  provided  by  the  M13 
beamline  at  TRIUMF,  which  was  selected  based  on  our 
assessment  of  the  quality  of  the  muon  beam.  At  this  energy, 
the  stopping  power  of  amorphous  Silicon  is  high,  about  3 
mm.  In  this  case,  only  channeled  muons  will  survive  the 
crystal.  Unchanneled  particles  are  subject  to  typical  energy 
loss  mechanisms  of  ionization  and  bremstrahlung.  Whereas, 
the  energy  loss  of  channeled  particles  is  severely  reduced  [8]. 
A  schematic  of  the  proposed  setup  for  the  transmission 
experiment  is  illustrated  schematically  below. 


Helium  •  Isobutane  bag 


As  a  multiple  scattering  estimate  shows  a  muon  beam 
going  through  75  microns  of  mylar  gains  20  mrad  divergence, 
which  is  comparable  with  the  incident  beam  divergence 
coming  from  M13  beamline  (12  mrad  critical  angle  for  planar 
channeling  in  Silicon).  The  beam  will  incident  from  the  left. 
After  it  passes  through  a  window  the  beam  is  collimated  with 
a  lead  brick  with  1  mm  hole,  followed  by  a  thin  scintillator 
and  another  lead  brick  with  a  hole,  A  pair  of  drift  wires  are 
placed  just  outside  the  second  collimator  exit.  A  3  nun 
Silicon  crystal  wafer  is  mounted  on  a  goniometer  table 
(appropriate  orientation  in  two  planes).  The  muons  then  enter 
the  crystal  at  some  incident  angle,  6  with  respect  to  the  axis 
of  the  crystal.  The  crystal's  orientation  is  controlled  remotely 
by  a  goniometer  (just  downstream  of  the  crystal).  It  is 
important  to  align  the  crystal  with  the  beam.  A  rough 


791 


alignment  will  be  performed  with  X-rays.  Then  we  will  use 
the  tracking  information  and  a  goniometer  to  maximize  the 
number  of  channeled  muons  exiting  the  crystal. 

Entire  set  up  will  be  enclosed  in  a  Helium  bag.  The 
multiple  scattering  angle  of  0.3  mrad  per  cm  of  Helium 
characterizes  the  level  of  beam  divergence  increase  due  to  the 
background  medium.  Silicon  barrier  detector  will  be  placed 
immediately  after  the  Silicon  wafer  to  measure  energy 
spectrum  of  the  channeled  muons.  The  exiting  muon  energy 
and  flux  will  be  measured  with  a  surface-barrier  detector.  Such 
detectors  are  capable  of  about  20  keV  energy  resolution  at  35 
MeV/c.  The  data  will  indicate  the  yield  as  a  function  of  0, 
allowing  extraction  of  the  critical  angle  within  which  muons 
are  effectively  channeled.  Furthermore,  we  can  measure  the 
energy  spread  of  the  exiting  beam.  This  will  indicate  the 
degree  of  energy  struggling  we  should  expect  when  compared 
to  the  incident  energy  distribution  provided  by  the  beamline. 

B.  Phase  II  -  Cooling 

This  phase  of  the  experiment  will  test  the  cooling 
mechanisms  summarized  in  the  theory  section  above.  The 
beam  momentum  will  be  about  250  MeV/c  as  provided  by 
forward  decay  muons  [7]  in  Mil.  In  this  case,  both  channeled 
and  unchanneled  muons  will  penetrate  the  4-cm  crystal  and  the 
cooling  process  can  be  compared  for  the  two.  In  addition,  a 
higher  energy  beam,  tests  cooling  at  the  energies  considered 
for  realistic  collider  schemes.  The  first  step  of  Phase  II  is  to 
measure  initial  and  final  emittances  of  an  unmodified  crystal. 
A  schematic  of  our  proposed  experimental  setup  is  similar  to 
the  one  described  previously.  We  will  track  each  muon  in¬ 
dividually  using  five  sets  of  drift  chambers.  This  way  we  can 
identify  channeled  and  unchanneled  particles  on  an  event-by- 
event  basis.  We  can  also  obtain  the  exact  initial  and  final 
emittances  for  channeled  and  unchanneled  muons  separately.  It 
is  also  possible  to  separate  channeled  and  unchanneled  muons 
by  plotting  their  energy  loss.  The  trigger  will  be  provided  by 
scintillation  counters  upstream,  combined  with  a  veto  counter 
that  rejects  muons  which  do  not  intersect  the  crystal.  A  time- 
of-flight  counter  will  be  placed  in  a  downstream  position,  to 
be  used  in  concert  with  the  1  picosecond  timing  pulse 
provided  by  the  Mil  beamline.  This  will  aid  in  particle 
identification  since  some  positrons  and  pions  will  likely 
contaminate  the  beam.  To  enhance  the  cooling,  we  will 
generate  a  strain  modulation  of  the  planar  channels.  An 
acoustic  wave  of  1  GHz  is  excited  via  a  piezoelectric 
transducer.  We  will  also  detect  predicted  channeling  radiation 
by  surrounding  the  crystal  with  Csl  scintillation  detectors, 
which  are  sensitive  to  X-rays.  The  Mil  beamline  is  presently 
a  source  of  high  energy  pions  [7].  Straightforward 
modification  of  the  beamline  will  provide  a  collimated  beam 
of  forward-decay  muons  at  high  intensity  -  about  10^  per 
second  at  250  MeV/c.  The  longitudinal  momentum  spread  is 
about  2%  FWHM.  Assuming  optimum  tuning  of  the  final 
focus  quadrupole  doublet  in  Mil,  we  can  achieve  a  spot  size 
of  3  cm  X  2  cm  with  horizontal  and  vertical  divergences  of  10 
mrad  and  16  mrad  respectively.  The  critical  angle  for  planar 
channeling  of  at  250  MeV/c  in  Silicon  is  about  7  mrad. 


extrapolating  from  proton  channeling  data.  A  sizable  fraction 
of  the  muons  should  channel  through  a  few  centimeters  of  the 
crystal. 

C  Phase  III  -  Acceleration 

Two  schemes  high  gradient  acceleration  will  be  tested. 
Initially,  an  unmodified  crystal  will  be  used  to  demonstrate 
inverse  Cerenkov  [7]  and  inverse  FEL  [4]  acceleration  of 
muons.  The  optical  setup  is  analogous  to  the  Inverse 
Cerenkov  Accelerator  Experiment  at  Brookhaven.  It  provides  a 
pulse  of  radially  polarized  light,  which  couples  energy  to  the 
muon  beam  channeling  through  a  crystal  via  the  inverse  FEL 
mechanism.  Here  a  strain  modulation  in  the  crystal  imposed 
by  an  acoustic  wave  plays  the  role  of  an  ultra-short  wave 
undulator.  Optical  energy  will  be  transferred  to  the  muon 
beam  with  an  efficiency  of  GeV  per  meter.  A  4-cm  Silicon 
crystal  would  provide  a  40  MeV  energy  burst.  Using  a 
bending  magnet  in  between  drift  chambers,  we  will  measure 
the  final  energy  of  muons  channeling  through  the  crystal.  The 
initial  energy  of  each  muons  is  provided  by  a  spectrometer  in 
the  beamline. 

References 

[1]  D.V.  Neuffer,  Nuclear  Instruments  and  Methods  in 
Physics  Research  A  350  (1994)  27-35. 

[2]  D.B.  Cline,  Nuclear  Instruments  and  Methods  in  Physics 
Research  A,  350  (1994)  24-26. 

[3]  Z.  Huang,  P.  Chen,  R.D.  Ruth,  Phys.  Rev.  Lett.  74,  10, 
1759  (1995). 

[4]  S.A.  Bogacz,  Particle  Accelerators,  42(3-4),  181  (1993). 

[5]  S.  Basu  and  R.L.  Byer,  Optic  Letters,  13,  458  (1988). 

[6]  L.C.  Steinhauer  and  W.D.  Kimura,  Journal  of  Applied 
Physics,  68  ,10,  (1990). 

[7]  G.M,  Marshall,  Z.  Phys.  C  56  (1992)  S226-S231. 

[8]  V.A.  Bazylev  and  N.K.  Zhevago,  Sov.  Phys.  Usp.  33 
(12)  1021  (1990). 

[9]  S.A.  Bogacz  and  J.B.  Ketterson,  Journal  of  Applied 
Physics,  60  (1),  177,  (1986). 


792 


HELICAL  SIBERIAN  SNAKES 

E.Ludmirsky,  Institute  for  High  Energy  Physics,  Protvino,  Moscow  Region,  Russia 


Abstract 

The  helical  dipole  is  a  new  type  of  magnet  element  for 
charged  particle  accelerators.  Helical  dipoles  are  long  dipoles 
twisted  into  a  helix;  one  can  be  constructed  with  laminations, 
each  lamination  is  rotated  by  some  small  angle  with  respect  to 
the  previous  lamination.  Siberian  snakes  using  helical  dipoles 
would  have  several  advantages:  the  closed  orbit  excursions 
within  the  snake  would  be  smaller;  there  would  be  fewer  mag¬ 
nets  required;  and  potentially  the  snake  could  be  shorted  so  it 
would  require  less  space  in  the  ring.  Fabrication  techniques  are 
explained.  Construction  problems  and  their  solutions  are  re¬ 
viewed. 

1.  INTRODUCTION 

Polarized  proton  beams,  when  accelerated  in  a  circular  ring, 
encounter  various  resonances  in  the  motion  of  their  spin,  and 
that  will  ultimately  lead  to  depolarization.  Since  there  are  gen¬ 
erally  many  depolarizing  resonances  in  a  strong-focusing  syn¬ 
chrotron,  a  polarized  beam  can  not  be  accelerated  without  us¬ 
ing  several  correction  methods  to  suppress  the  depolarizing  res¬ 
onances.  There  are  several  methods  to  reduce  the  depolarizing 
effect  of  the  resonance  field  harmonics,  but  the  Siberian  snake 
technique  was  demonstrated  to  be  most  effective  in  maintaining 
beam  polarization.  A  snake  is  a  configuration  of  magnets  that, 
in  the  orbit  frame,  rotates  the  spin  by  180®  about  an  axis  which 
lies  in  the  horizontal  plane.  This  proposal  has  been  made  by 
Y.S  .Derbenev  and  A.N.Kondratenko^^^^. 

In  low  energy  machines  excursions  inside  a  standard  Siberian 
snake  design  become  excessively  big.  For  this  reason  it  is  nec¬ 
essary  to  find  compact  helical  dipole  magnets  designs  that  min¬ 
imize  both  excursions  and  length.  A  snake  with  very  small  or¬ 
bit  excursions  is  the  helical  snake  proposed  by  E.D.Courant, 
Ya.S.Derbenev  and  A.N.Kondratenko^^»^l  One  of  the  most 
compact  snakes  is  a  helical  snake.  This  minimizes  the  orbit  dis¬ 
placements. 

Equations  for  the  helical  field  and  the  conditions  for  tt  spin 
flip  and  orbit  restoration  schemes,  seet^’^^l. 

The  trajectory  in  the  helical  magnet  is  determined  by  the 
equations 

a?”  =  — -sinks  ^ 

P 


2/^  =  —cosks. 

P 

General  solution  for  the  particle  motion  inside  a  helix  con¬ 
tains  spiral  trajectory  plus  straight  line  solution  with  parameters 
depending  on  initial  conditions  of  incoming  beam. 

By  means  of  matching  initial  conditions  at  the  helix  with  the 
pure  spiral  solution  one  can  reduce  orbit  excursion  inside  the 
helix  up  to  the  value  of  r  =  1/ pk’^, 
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Table  I 

Major  parameters  of  I  and  II  type  helical  dipole  magnets 


Type  of  magnet 

I 

II 

Maximum  field  [T] 

1.7 

1.7 

Aperture  [mm] 

200 

120 

Power  dissipation/magnet  [kW] 

1200 

450 

Total  weight  [kg] 

57000 

26000 

11.  HELICAL  DIPOLE  MAGNETS 

We  have  designed  two  helical  dipole  magnets  for  use  as 
Siberian  snake  in  the  accelerators  Fig.l.  Helical  dipoles  are  long 
dipoles  twisted  into  a  helix;  one  can  be  constructed  with  lami¬ 
nations,  each  lamination  is  rotated  by  some  small  angle  with  re¬ 
spect  to  the  previous  lamination.  Such  a  magnets  design  ensures 
a  uniform  field  10~^)  up  to  1.7  T. 

A  plane  and  a  helicoid  are  only  complete  surfaces  of  zero 
middle  curvature.  A  helicoid  is  obtained  as  a  result  of  two 
straight  line  motions:  i.e.  in  one  dimension  with  a  constant 
speed  and  rotatory  with  constant  angular  velocity  in  the  orthog¬ 
onal  to  the  translation  vector  plane.  These  mentioned  mathemat¬ 
ical  qualities  of  the  helicoid  permit  to  work  out  the  construction 
and  manufacturing  technology  for  the  vacuum  chamber,  coils 
and  magnet  core  of  a  helical  dipole  magnet. 

The  main  parameters  of  the  laminated  helical  dipoles  are  sum¬ 
marized  in  Table  1  for  conditions  corresponding  to  the  nominal 
accelerator  operating  energy  of  ^8-10  GeV. 

The  most  possible  field  error  in  the  magnet  gap  is  caused  by 
the  accuracy  of  pole  profile.  The  field  variation  along  the  or¬ 
bit  may  be  produced  by  the  fluctuation  of  the  permeability  and 
coercive  force  of  the  core  materials.  In  high-field  magnets,  one 
important  property  of  the  iron  is  lost:  the  field-shaping  property. 
As  the  relative  permeability  approaches  unity,  the  iron  surface 
is  no  longer  equipotential.  Field-shaping  is  now  entirely  due  to 
magnet  coil  configuration,  and  correcting  coils,  is  required. 

Modem  steels  used  in  direct  current  magnets  have  an  impurity 
content  {N2  +S-\-P  +  Al-^  Mo)  of  less  than  0.1%,((7r-h(7u-}- 
Mn  +  Ni  -I-  Si)  of  less  than  0.7%.  Carbon,  which  is  the  most 
dangerous  impurity,  is  limited  to  0.1%.  Pure  iron  is  costly  and 
too  soft  to  be  machined  and  handled  for  magnet  cores. 

From  our  experience,  the  conclusion  is  that  using  laser  cutting 
techniques  to  cut  laminations  may  be  a  good  method  to  built 
laminated  magnet.  The  laser  cutting  technique  is  advertised  to 
have  a  very  high  machining  accuracy  of  0.05  mm  tolerance  over 
a  1000  mm  length. 

The  coil  consists  of  the  several  section  with  square  cross- 
section.  In  order  to  wind  the  rectangular  wire  helically,  it  is  re¬ 
quired  to  twist  the  wire  continuously.  The  coil,  located  in  gap, 
are  designed  of  water-cooled  cooper,  insulated  with  epoxy  resin 
and  fiberglass  and  vacuum  potted  in  an  alumina-based  epoxy. 
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Standard  technique  for  insulating  magnet  coil  is  to  use  epoxy 
resin,  reinforced  with  fiberglass.  Standard  resin  systems,  such  as 
Novolac,  or  Bisphenyl-A,  with  NMA  hardener,  can  be  expected 
to  tolerate  10^  rad.  By  using  a  kapton  layer  between  the  coil 
and  the  core,  one  achieves  a  further  ground  insulation  and  also 
provides  a  slip  plane  to  allow  the  coil  to  move  in  the  core  upon 
thermal  expansion  of  either  component. 

The  size  requirements  of  the  beam  chambers  are  determined 
by  the  helix  with  radius  r  =  1/ beam  emittances  and  energy 
spreads. 

The  vacuum  chamber  can  be  made  from  any  metal,  but,  as  it  is 
usual  in  accelerative  technique  stainless  steel  is  the  most  prefer¬ 
able  material.  The  technology  of  manufacturing  the  chamber 
includes  several  stages. 

The  vacuum  chambers  of  the  helical  dipole  magnet  is  made 
from  unrolling  helicoids.  These  helicoids  have  as  their  return 
rib  a  spiral  of  a  constant  pitch  on  the  circular  cylinder.  Four 
such  elements  which  are  preliminarily  moulded  as  helicoids,  are 
welded  all  over  the  return  ribs.  So  the  vacuum  chamber  of  the 
helical  dipole  magnet  is  obtained. 

The  vacuum  chambers  experience  atmospherical  pressure  all 
over  it  external  surface.  To  reduce  the  vacuum  chamber  defor¬ 
mation  we  can  install  the  hardness  ribs  on  ot.  But  it  is  not  effi¬ 
cient  because  the  necessary  dipole  aperture  increases.  It  is  more 
expedient  to  apply  helicoids  as  chamber  elements,  moulded  in 
the  cross  direction  as  a  sloping  arch. 

We  have  constructed  a  model  of  a  helical  dipole  which  could 
be  used  in  a  Siberian  snake  for  the  accelerators.  Our  purpose 
was  to  show  the  feasibility  of  constructing  a  helical  dipole.  The 
model  was  run  in  a  low  duty  factor  test;  the  low  duty  factor 
avoided  the  overheating  during  DC  operation  at  1.6  T  of  a  ~ 
10%  mechanical  scale  model  for  which  the  current  density  is 
larger  than  in  a  full  scale  model. 

The  model  of  the  helical  dipole  magnet  which  we  made, 
shown  in  Fig.2  has  a  four-turn  coil  with  a  copper  conductor  and 
copper  water  pipes  brazed  to  its  upper  and  lower  ends.  The  cur¬ 
rent  flow  in  the  coils  is  in  series  whereas  the  coolant  flow  is  in 
parallel. 

The  magnetic  field  properties  of  helical  dipole  magnet  model 
were  measured  and  found  to  be  close  to  the  design.  The  helical 
dipole  magnet  model  was  pulsed  about  10^  times  in  the  IHEP 
laboratory  without  any  incident. 
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III.  CONCLUSION 

The  second  variant  of  helical  dipole  has  considerable  advan¬ 
tages  in  use  for  accelerators. 

In  application  to  each  specific  accelerator  project  the  helical 
dipole  used  needs  careful  consideration  of  beam  dynamics  both 
theoretically  and  by  computer  modeling. 

The  -^10%  model  fabrication,  operation  and  demonstrated 
reliability  has  adwanced  the  technology  of  helical  dipole  mag¬ 
nets.  Helical  dipole  magnets  are  now  ready  for  applications  in 
accelerators  physics  such  as  use  in  a  ring  at  IHEP,  PS  (CERN) 
or  Fermilab. 
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Abstract 

The  1  GeV  Duke  Storage  Ring  was  very  successfully 
commissioned  with  performance  exceeding  initial 
specifications  [1].  In  this  paper  we  present  design  and 
performance  data  of  its  unique  achromatic  lattice  with 
combined  function  magnets  in  the  ring  arcs. 

I.  INTRODUCTION 

The  third  generation  1  GeV  Duke  storage  ring  is  designed 
to  drive  UV  and  soft  X-ray  FELs  as  well  as  to  produce  high 
brightness  synchrotron  radiation  from  the  bending  magnets 
and  insertion  devices.  The  ring  itself  is  a  strong  focusing  race¬ 
track  with  two  34  meter  long  straight  sections.  The  south 
straight  section  lattice  is  designed  to  optimize  FEL  operation 
with  7  to  28  m  long  FELs  .  The  north  straight  section  is  used 
for  injection  and  installation  of  the  RF  system  and  synchrotron 
radiation  insertion  devices.  There  are  plans  for  installation  of  a 
variety  of  FELs  and  undulators  in  the  straight  sections.  It  was 
essential  to  develop  a  lattice  which  can  be  adjusted  for 
variable  configurations  in  straight  section  without  reduction  of 
the  ring  performance  and  its  dynamic  aperture. 

Two  typical  practical  examples  demonstrate  flexibility  of 
the  lattice: 

1.  Present  design  of  the  south  straight  section  includes  eight 
quadrupoles  and  is  optimized  for  8  m  long  OK-4  FEL.  This 
system  can  accommodate  also  26  m  FEL  wiggler  without 
losing  performance; 

2.  The  lattice  for  location  of  the  4  m  NIST  undulator  in  the 
North  straight  section  was  designed  after  completion  of  the 
Duke  ring  design.  There  was  no  problem  to  incorporate  this 
device  into  the  ring  by  modifying  the  last  7  m  of  the  North 
straight  section  without  any  loss  of  the  ring  performance. 

To  satisfy  these  and  other  vaguely  defined,  but 
complicated,  requirement  we  chose  to  use  modified  second 
order  achromatic  lattice  for  the  ring  arcs.  All  sextupoles 
required  for  chromaticity  compensation  are  located  in  the  arcs. 
The  arc  lattice  design  eliminates  second  order  geometrical 
aberrations  caused  by  sextupole  moments.  In  this  case,  the 
ring  dynamic  aperture  does  not  depend  on  the  straight  section 
lattice  as  soon  as  the  P-functions  are  matched. 

The  new  design  of  the  Duke  storage  ring  lattice  was 
initiated  in  Febmary  of  1991  and  was  completed  in  October  in 
the  same  year  [2,3]. 

The  modified  second-order  achromatic  lattice  for  the  ring 
arcs  [2]  solved  the  fundamental  dynamic  aperture  problems 


encountered  with  the  original  Stanford  design  [4].  The  new 
design  provides  a  dynamic  aperture  exceeding  the  mechanical 
aperture  [3]. 

The  ring  design  was  driven  to  a  large  extent  by  the 
necessity  to  use  most  of  the  hardware  already  acquired  for  the 
ring  prior  to  1991.  A  number  of  unusual  concepts  were  used  to 
incorporate  existing  hardware  into  the  new  design.  The  most 
unusual  idea  was  the  use  of  asymmetric  excitation  of 
quadrupole  coils  for  generation  of  both  quadrupole  and 
sextupole  moments  [3,5].  Precision  magnetic  measurements 
[6]  have  confirmed  the  excellent  quality  of  these  combined 
function  magnets.  This  idea  eliminates  individual  sextupole 
magnets  from  a  tightly  packed  arc  lattice  and  creates  arc 
symmetry  for  all  magnetic  moments. 

All  dipoles  on  the  Duke  storage  ring  are  fed  by  one  560 
kW  PEI  power  supply,  while  all  quadrupoles  have  individual 
power  supplies.  This  feature  provides  flexibility  for  the  lattice 
design. 

The  layout  of  the  Duke  storage  ring  can  be  found 
elsewhere  in  this  proceedings  [1]. 

Table  L  Parameters  of  Duke  Storage  Ring 


Operating  energy  [GeV]  0.20  - 1.1 

Ring  circumference  [m]  1 07 .46 

Arc  and  straight  section  length  [m]  19.52;  34.21 
Number  of  dipoles  and  quadrupoles  40;  64 
Betatron  tunes,  Qx  and  Qy  9.1 1 1, 4.180 

Orbit  compaction  factor,  a  0.0086 

Natural  chromaticities,  Cx  and  Cy  -10.0,  -9.78 

Acceptances  [mm  mrad],  Ax  and  Ay  56.0,  16.0 

Energy  acceptance,  AE/E,  of  ring  >±5.0% 

Maximum  arc  P-functions  [m],  x  and  y  2.5,  5 
Maximum  r|-function  [m]  0.245 


IL  THE  ARC  LATTICE 


The  Duke  storage  ring  arc  comprises  20  dipole  magnets 
and  21  quadrupoles  divided  into  eight  regular  FODO  cells  and 
two  end-of-arc  matching  cells. 


Combined  functions  magnets. 


The  Duke  arcs  are  packed  very  tightly  -  there  are  only  18 
cm  between  the  dipoles  and  quadrupoles.  The  original 
Stanford  design  [4]  of  the  ring  called  for  the  use  of  "dimples 
and  noses"  as  dipole  endpieces  to  create  main  sextupole 
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moments  and  individual  sextupoles  squeezed  into  18  cm  gaps 
with  2  cm  gap  between  poles  of  different  magnets.  It  was 
discovered  that  this  design  suffered  from  severe  asymmetric 
saturation  causing  intolerable  orbit  shifts  and  field  non¬ 
linearity. 

We  replaced  the  dimples  and  noses  with  a  smooth 
symmetric  endcups  to  achieve  a  high  quality  of  the  magnetic 
field  up  to  20.5  kGs  [6].  We  also  decided  to  remove  the 
individual  sextupoles  which  also  caused  saturation. 

We  now  use  asymmetric  excitation  of  the  arc  quadrupoles 
by  shunting  part  of  the  current  from  the  inner  (towards  the 
center  of  the  ring)  coils.  Thus,  each  arc  quadrupole  has  an 
individual  power  supply  which  provides  current  l\  (see  sketch 

below)  and  individual  shunt  regulator  which  by-pass  part  of 
current  AI=Ii-l2  from  inside  coils. 


Fig.l.  Asymmetric  excitation  of  the  arc  quadrupole. 
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Fig .2.  Symmetric  and  asymmetric  part  of  the  combined 
quadrupole  function  field. 

The  Duke  ring  arc  quadrupoles  have  an  inside  radius  of  2 
cm  and  can  operate  with  gradients  up  to  4  kGs/cm.  There  is  no 
pole  tip  saturation  even  at  maximum  current  -  light  saturation 
occurs  in  the  neck  of  the  yoke. 

This  condition  provides  good  separation  of  the  odd  and 
even  multipoles.  Computer  simulations  and  magnetic 
measurements  demonstrated  the  excellent  quality  of  these 
combined  dipole-quadrupole-sextupole  fields.  We  saw  only  a 
weak  dodecapole  term  in  the  field  expansion. 


Typical  values  for  the  Duke  ring  combine  function 
quadrupoles  with  1 8-20%  asymmetry  of  excitation  are: 
Gradient  3500  kGs/cm 

Sextupole  350  Gs/cm^ 

Magnetic  center  shift  2.25  mm. 

Fig  2.  show  measured  dependence  of  symmetric  and 
asymmetric  part  of  combined  function  quadrupole  at  1  GeV. 

It  is  obvious  that  asymmetric  excitation  shifts  magnetic 
center  of  the  quadrupole.  To  make  shift  of  magnetic  centers 
the  same  in  both  focusing  and  defocusing  quadrupoles,  we 
installed  small  shims  creating  defocusing  sextupole  moment  at 
the  center  of  the  dipoles  (see  [6,7]  for  details).  This 
combination  provides  compensation  of  natural  chromaticity 
and  enough  flexibility  to  build  second  order  achromatic  lattice. 

Modified  Second  Order  Achromat> 

The  regular  FODO  cell  is  1.76  m  long  and  is  comprised  of 
two  0.33  m  dipole-sextupoles  (BS),  one  0.20m  focusing 
quadrupole-sextupole  (QFS),  and  one  0.14  m  defocusing 
quadrupole-sextupole  (QDS)  (all  in  effective  length).  The  cell 
has  bilateral  symmetry  of  all  magnetic  multipoles  with  respect 
to  the  quadrupoles  centers.  Half-cell  is  sketched  on  Fig.3 


Fig.3  Half  of  regular  arc  FODO  cell. 


Fig.4  End-of-arc  matching  cell. 


We  chose  AQ^  =  3  / 10;  AQ^  =1/10  tunes  advances 

per  cell.  This  lattice  will  provide  for  natural  compensation  of 
geometrical  aberrations  (caused  by  sextupole  moments  in  the 
arcs)  in  the  case  of  ten  identical  cells.  Requirements  for  low 
emittance  and  zero  dispersion  (T|-function)  in  straight  sections 
do  not  allow  the  use  of  a  regular  10-cell  second  order 
achromat.  We  modified  end-of-arc  cells  to  match  T|  to  zero  at 
the  end  of  the  arc  and  to  have  P-functions  which  are  easy  to 
match  from  straight  sections. 

The  2.02  m  matching  cell  (measured  from  the  center  of 
QDS)  is  longer  than  the  regular  FODO  cell  -  see  Fig.  4. 

Because  of  zero  dispersion  in  the  straight  sections,  the 
natural  chromaticity  must  be  compensated  in  the  arcs.  We 
used  combined  function  magnets  with  sextupole  moments 
excited  in  both  quadrupoles  and  dipole  magnets.  We  do  not 
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use  sextupoles  in  the  end-of-arc  dipoles  where  the  Tj-fiinction 
is  close  to  zero. 

We  slightly  modify  the  sextupole  strength  in  the  end-of- 
the-arc  cells  to  compensate  the  second  order  geometrical 
aberrations  in  the  horizontal  plane  [1] : 

Arc 

Arc 

where  S{s)  is  sextupole  moment,  (3^  is  horizontal  betatron 
function,  and  is  the  betatron  phase.  We  also  minimize 

coupling  nonlinear  geometrical  aberrations.  These  conditions 
provide  for  a  transverse  dynamic  aperture  exceeding  the 
physical  aperture,  and  an  extremely  high  energy  acceptance 
(more  than  ±5%)  on  the  ring  [3]. 


X  &  Y  e-beam  profiles:  1  GeV  9  3.5  mA 
Location:  NW  corner: 

Beta  X  s  1.237  m;  Beta  Y  =  6.065  m 


III.  CONCLUSIONS 

f 


Fig.5  Measured  e-beam  profiles. 
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Fig.5  Measured  and  design  values  of  p-functions. 

Operation  of  the  Duke  storage  ring  lattice  has  not  shown 
any  indication  of  dynamic  aperture  limitation.  Betatron  tunes 
differ  very  little  from  design  values  :  AQx  =0.06;  AQy  =-0.04 
in  all  0.23  - 1.1  GeV  energy  range.  Measurements  confirm  the 
theoretical  chromaticity  compensation  within  3%  accuracy. 

The  preliminary  measurements  of  P-functions  are  shown 
on  Fig.5  .  There  are  indications,  that  the  errors  in  Fig.5  are 
caused  by  a  coil  failure  in  one  of  the  quadrupoles.  We  are 
investigating  this  possibility. 

The  orbit  distortions  without  any  correction  are  small  : 
less  then  ±5  mm  horizontal  and  less  ±4  mm  vertical.  Direct 
measurements  of  the  ring  acceptance  confirm  the  predicted 
dynamic  aperture  of  the  ring.  The  width  of  coupling  resonance 
is  small  AQ=0.007  and  is  consistent  with  value  of  orbit 
distortions. 

We  measured  the  electron  beam  emittances  at  1  GeV 
using  visible  optics  and  CCD  digitizer  (show  below).  The 
measured  horizontal  emittance  is  (17  ±2)*  10"^  m*rad  is  in 
perfect  agreement  with  18  nm*rad  theoretical  value.  The 
resolution  of  the  vertical  size  measurements  was  limited  by 
diffraction.  Thus,  we  can  only  state  that  vertical  emittance  is 
less  then  1*10‘^  m*rad. 


We  did  not  observe  any  very  strong  resonances  in  the 
wide  tune  range  of  Qx={9.1-9.3},  Qy={ 4.05-4.3}.  We  used 

eight  straight  section  quadrupoles  for  tune  adjustments  using 
the  flexibility  build  into  the  lattice.  Direct  measurements  of 
the  transfer  matrix  confirm  the  absence  of  second  order  terms 
in  the  full  arc  transport  map  as  predicted  by  theory  [3].  It  is 
remarkable  because  the  half-of-the-arc  map  has  second  order 
terms  which  create  a  factor  two  asymmetry  at  full  aperture. 

We  found  the  energy  acceptance  is  ±6%  and  is  limited  by 
the  vacuum  chamber  aperture  in  the  focusing  quadrupoles. 

The  overall  performance  of  the  achromatic  lattice  with 
combined  function  magnets  is  exceptionally  good. 
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The  schematic  MATRESHKA  arrangement  is  illustrated  in 
Figure  1.  The  electron  gun  1,  vacuum  pump,  optical  control 
and  measuring  systems  are  mounted  with  a  feeding  source  in 
cylindrical  metallic  shield  Seg  (only  a  loading  condenser  Cl  is 
shown).  Around  Seg  the  MATRESHKA  s  shields  S25-S1  are 
mounted  with  high  voltage  sources  (C25-C1)  connected  to  these 
screens.  Parts  of  the  accelerating  tube  including  the  radial  insu¬ 
lators  2,  vacuum  tubes  3,  and  focusing  magnets  4,  are  mounted 
to  them  also.  Screens  are  kept  in  a  position  needed  by  means  of 
supporting  insulators.  The  front  doors  5  permit  the  operator  to 
work  with  parts  of  the  accelerating  tube  (without  high  voltage!). 

Elements  6  (grouping  device),  7  (UHF  resonators),  8  (vac¬ 
uum  tube)  and  9  (focusing  winding)  are  parts  of  the  UHF  gen¬ 
erator  which  is  describing  [1].  Parts  10,  11,  and  12  are  the 
MATRESHKA  body.  The  bending  magnet  10  analyses  the 
MATRESHKA  bunch  and  direct  accelerated  particles  to  corre¬ 
sponding  lameles  of  energy  analyser  11.  Lameles  12  by  means 
of  the  conductors  13  are  connected  to  the  screens  S23-S1  and 
therefore  have  the  corresponding  potentials.  Electrons  catched 
by  them  without  energy  losses  are  directed  in  condensers  C25- 
Cl.  This  energy  recuperation  system  makes  MATRESHKA  a 
very  efficient  source  of  relativistic  electron  beams  for  the  UHF 
generator. 

The  MATRESHKA  accelerator  was  developed  for  the  UHF 
power  excitation  of  many  resonator  systems  [1]  with  moderate, 
for  example  5  MW,  level  for  each  of  them.  If  the  number  of 
resonators  are  100,  the  complete  power  is  500  MW  and  with 
the  efficiency  50%,  MATRESHKA  s  beam  power  must  be  about 
1000  MW.  Electron  beam  can  have  such  power  with  particle  en¬ 
ergy  5  MeV  and  current  200  A.  If  particles  of  the  beam  will  have 
energy,  for  example,  10  MeV  effects  of  the  remainder  radioac¬ 
tivity  are  dangerous.  If  higher  currents  are  used,  then  losses  of 
the  particles  will  be  higher. 

Returning  now  to  a  MATRESHKA  arrangement,  we  shall 
choose  a  number  of  the  screens  and  voltage  between  them.  If 
voltage  is  200  kV,  then  number  of  the  screens  are  25,  and  dis¬ 
tance  between  screens  is  600  mm  (for  operator  passage  and 
power  sources  installation),  and  horizontal  dimension  will  be 
15  m.  On  the  other  side  200  mm  gap  will  be  sufficient,  and  the 
whole  width  will  be  about  22  m.  Then  the  vertical  dimension 
will  be  12  m. 

It  is  clear  that  creation  of  such  a  colossal  installation  can  be 
realised  only  for  an  outstanding  UHF  generating  system  with 
continuous  power  gigawatt  level.  Our  times  is  exactly  time  to 
solve  like  problem — the  problem  of  gigawatt  proton  beams  gen¬ 
eration  for  nuclear  transmutation  and  for  nuclear  energy  stimu¬ 
lation  [2,3].  The  UHF  feeding  of  the  linear  proton  accelerators 
with  power  of  the  proton  beam  of  gigawatt  level  is  the  problem 
of  our  days. 

But  with  such  power  level  the  MATRESHKA  efficiency  must 
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be  near  to  100%,  Only  with  energy  recuperator  is  it  possible 
to  have  such  a  situation  [4].  On  our  schematic  representation, 
the  recuperator  1 1  is  fulfilled  in  ordinary  form  of  energy  anal¬ 
yser,  but  the  beam  power  is  used  in  a  nonordinary  manner:  It 
is  involved  in  accelerating  tube  elements.  It  is  to  be  short  to 
say  that  this  recuperation  system  was  not  proved  experimentally 
and  therefore  it  is  needed  to  fulfill  a  corresponding  work.  On 
our  schema  the  return  conductors  13,  connected  to  screens  in 
parallel  to  power  sources  C1-C25,  are  shown  in  coaxial  form 
(they  are  placed  in  vacuum  for  electrical  securing).  In  our  early 
publication  [5],  and  in  experiments,  we  considered  a  cascadet 
rectifier  system,  but  now  we  prefer  more  efficient  electrical  al¬ 
ternators  driven  from  outside  by  means  of  ceramics  rollers.  If 
the  electrical  alternator  is  combined  with  the  transformer  and 
rectifier,  then  parallel  conection  of  such  sources  with  the  recu¬ 
perator  conductors  is  no  problem.  Magnet  10  can  be  fulfilled 
with  rotation  to  prevent  a  smelting  the  recuperatoa  lameles. 

In  conclusion,  the  shield  system,  accelerating  tube  and  return 
conductors  13  must  be  done  individually  in  cyclindrical  form 
with  the  ledges  on  their  screens  parts.  After  involving  the  tube  in 
screen  system  and  turning  coupling  of  system  is  achieved.  After 
this  operation  it  can  be  possible  to  remove  a  montage  bars. 

References 

[  1  ]  F.  A.  Vodopianov,  “Ultrarelativistic  Klystron —  A  Future  Su¬ 
per  Power  UHF  Generator*’,  EPAC-95. 

[2]  R.  Jemeson,  EPAC-92,  report  THY02A. 

[3]  M.  Mizumote,  EPAC-90,  p.  346,  R.  Bock,  EPAC-88,  V  1, 
P  249. 

[4]  G.D.  Kosmal,  Proc.  EEE,  V.  70,  N  1 1, 1982,  P.  93. 

[5]  F.A.  Vodopianov,  Sc-Techn.  Reports  of  Moscow  Radiotech¬ 
nical  Institute,  USSR  Academy  of  Science,  1990,  p.  105. 


799 


800 


The  Amplitude  and  Phase  Control  of  the  ALS  Storage  Ring  RF  System 


C.C.Lo,  B.  Taylor  and  K.  Baptiste 
Lawrence  Berkeley  Laboratory 
University  of  California,  Berkeley,  CA  94720 


Abstract 

A  500MHz,  300KW  Klystron  power 
amplifier  provides  RF  power  to  the  ALS 
Storage  Ring.  In  order  to  accommodate  the 
amplitude  and  phase  changes  during  beam 
stacking  and  decay,  which  demand  continuously 
varying  power  levels  from  the  Klystron,  four 
loops  are  used  to  keep  the  system  operating 
properly,  with  two  of  those  loops  dedicated  to 
keeping  the  two  cavity  tuners  on  tune. 
Description  of  the  control  loops  and  their 
performance  data  will  be  given.  Using  the 
modulation  anode  of  the  Klystron  in  the 
amplitude  loop  will  be  discussed. 


Introduction 

Figure  1  shows  a  simplified  block  diagram  of 
the  ALS  SR  (Storage  Ring)  RF  system.  The  RF 
power  is  provided  by  one  single  300KW 
Klystron.  The  output  power  is  split  into  two 
equal  parts  to  drive  two  similar  cavities  with  a 
Hybrid  or  a  Magic  Tee.  In  the  1.5  GeV 
operation  the  dissipation  of  each  cavity  is  35KW 
with  a  coupling  factor  of  1.5.  The  cavity  power 
dissipation  should  remain  constant  through  the 
entire  range  of  operating  beam  current  of  0mA 
to  400mA.  As  the  beam  is  demanding  more 
power  from  the  RF  through  the  cavities  the 
amplitude  loop  will  adjust  the  drive  of  the  RF 
system  providing  more  power  for  the  beam  and 
keeping  the  cavities’  voltage  constant. 


FIG.1  SIMPLIFIED  BLOCK  DIAGRAM  OF  THE  AMPLITUDE 
AND  PHASE  LOOPS  OF  THE  ALS  SR  RF  SYSTEM 
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Since  the  RF  signal  must  go  through  a  phase 
shifter,  a  couple  of  amplifiers,  an  electronic 
attenuator  and  finally  the  Klystron,  the  phase  of 
the  RF  signal  will  vary  with  the  output  power 
level.  The  phase  variation  may  have  some  effect 
during  beam  stacking;  therefore  a  phase  loop 
has  been  implemented  to  keep  the  phase 
constant  through  the  range  of  operating  power. 
In  order  to  keep  the  two  cavities  on  tune  during 
operation,  each  cavity  tuner  phase  servo  loop 
utilizes  a  stepping  motor  moving  a  metallic 
plunger  in  and  out  of  the  cavity  to  keep  it  on 
tune.  The  Tuner  Phase  Servo  system  has  been 
described  in  detail  in  Ref.l. 

The  master  oscillator  signal  goes  through  the 
Klystron  Phase  Servo  and  then  the  Drive 
Controller.  The  Drive  Controller*  contains  an 
electronic  attenuator  and  a  fast  RF  switch.  The 
electronic  attenuator  serves  as  the  amplitude 
control  element,  the  fast  RF  switch  will  shut  off 
the  RF  power  upon  receiving  an  interrupt  signal 
from  the  personnel  and  equipment  safety 
interlock  systems.  The  output  of  this  Drive 
Controller  provides  input  to  the  Klystron  driver 
amplifier  which  in  turn  drives  the  Klystron 
amplifier.  A  circulator  is  used  to  protect  the 
Klystron  from  power  reflected  from  the  rest  of 
the  system.  The  Magic  Tee  splits  the  power 
into  two  equal  parts  to  drive  the  two  cavities. 
Signals  from  the  cavities’  pick  up  probes 
are  used  by  the  Tuner  Phase  Servos  and  the 
Amplitude  Servo  to  keep  the  cavities  on  tune  as 
well  as  keeping  the  cavity  voltage  constant 
respectively. 


RG.2  SIMPUFIED  BLOCK  DIAGRAM  OF  THE  PHASE  SERVO 


The  Phase  Loop 

Figure  2  is  a  block  diagram  of  the  Phase 
Servo.  The  master  oscillator  signal  is  split  into 
two  parts.  One  part  goes  to  the  electronic  phase 
shifter  and  the  output  amplifier,  the  other  part 
goes  through  a  mechanical  phase  shifter  to  a 
double  balance  mixer  as  the  Local  reference 
signal.  A  directional  coupler  in  the  feeder 
waveguide  picks  up  portion  of  the  RF  signal 
and  feeds  it  back  to  the  RF  port  of  the  mixer. 
The  IF  output  of  the  mixer  is  filtered  and 
amplified  and  fed  back  to  the  Electronic  Phase 
Shifter  to  compensate  for  the  phase  change  in 
the  signal  path.  During  testing  without  beam, 
the  amount  of  phase  variation  of  the  system 
without  feedback  is  more  than  30  degrees 
between  an  operating  power  level  of  30KW  and 
80KW.  By  closing  the  loop  the  phase  variation 
is  reduced  to  less  than  0.25  degree.  At  the 
present  time  80KW  is  the  operating  power  for 
the  two  cavities  without  beam.  With  a  beam 
current  of  400mA  at  l.SGeV  the  total  RF  power 
required  is  about  115KW.  With  the  phase  loop 
open  between  80KW  and  115KW  the  phase 
variation  is  less  than  10  degrees.  With  the  loop 
closed  the  phase  variation  is  reduced  to  less  than 
0.25  degree.  For  normal  operation  the  power  is 
brought  up  to  80KW  and  the  phase  error  is 
adjusted  to  zero,  the  phase  loop  is  closed  at  this 
point.  Any  phase  variation  from  this  point  on 
will  be  compensated  by  the  electronics  phase 
shifter  according  to  the  phase  error  voltage  from 
the  phase  detector.  The  electronics  phase  shifter 
has  a  range  of  300  degrees. 

The  Amplitude  Loop 

Figure  3  shows  a  simplified  block  diagram  of 
the  Amplitude  Servo.  During  operation  the  DC 
amplitude  control  signal  normally  comes  from 
the  control  system.  A  preset  value  is  used  to 
provide  80KW  of  power  to  the  two  cavities  for 
1.5GeV  -  1.9GeV  operation.  An  adjustable 
input  amplitude  limiter  is  used  to  limit  the 
input  amplitude  control  to  ensure  that  the  set 
point  would  not  exceed  80KW.  This  amplitude 
control  signal  is  used  as  the  reference  voltage  for 
both  the  feeder  feedback  loop  and  the  cavity 
feedback  loop.  At  the  power  level  of  80KW, 
equal  weights  of  cavity  one  and  cavity  two 
signals  are  summed  together  and  adjusted 
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FIG.3  SIMPLIFIED  BLOCK  DIAGRAM  OF  THE  AMPLITUDE  SERVO 


to  the  same  level  as  the  reference  signal.  The 
same  procedure  is  carried  out  for  the  feeder 
channel.  The  error  amplifiers  on  both  channels 
produce  correction  signals  which  are  filtered 
and  amplified.  The  two  loops  can  be  opened  or 
closed  by  the  two  loop  switches.  The  two 
correction  signals  are  then  summed  and 
monitored  by  the  output  amplitude  limiter  before 
it  is  used  to  control  the  Klystron  drive.  The 
output  amplitude  limiter  is  used  mainly  to  limit 
the  maximum  power  output  of  the  Klystron  in 
case  of  any  mishap  occurring  in  the  signal  path 
that  may  demand  an  exceedingly  high  power 
output  from  the  system.  The  feeder  loop  is 
mainly  used  to  reduce  ripple  in  the  power 
supply;  more  than  35dB  of  reduction  of  ripple 
has  been  achieved.  The  cavity  loops  are  essential 
for  counteracting  beam  loading  effects.  During 
beam  accumulation  more  and  more  power  is 
supplied  to  the  beam  to  compensate  for  the 
losses  due  to  bending  magnets  and  insertion 
devices,  the  amplitudeloop  detects  any  drop  in 
cavity  voltage  and  increase  the  drive  power  to 
the  Klystron  to  make  up  for  the  losses.  The 
cavity  loop  has  successfully  kept  the  cavity 
voltage  constant  through  the  entire  range  of 
beam  current  of  0  mA  to  400  mA  at  1.5  GeV 
operation.  We  expect  the  same  in  the  1.9GeV 
operation. 

Conclusion 

The  Tuner  Phase  loops,  the  amplitude  loops 
have  been  operating  successfully  since  ALS 
began  operation.  The  amplitude  feedback  loop  is 
using  an  electronic  attenuator  in  the  Klystron 
Drive  Controller  to  control  the  power  output  of 


the  Klystron.  The  modulation  anode  in  the 
Klystron  was  originally  planned  to  be  used 
as  the  amplitude  control  element,  however  due 
to  problems  in  the  factory  supplied  control 
system,  design  changes  have  to  be  made  before 
the  modulation  anode  can  be  used  for  that 
purpose.  The  present  system  works  well  as  long 
as  the  Klystron  beam  current  demand  does  not 
exceed  the  maximum  allowed  collector 
dissipation  of  300KW,  The  Klystron  Phase  loop 
has  been  operating  only  for  a  short  time,  its 
performance  will  be  reported  in  due  time. 
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Abstract  tory  of  the  electron  and  obtains  related  parameters  from  the  mea- 

sured  magnetic  field.  Cartesian  coordinate  system  (X^)  is  used 
for  tracing  study  with  X  the  horizontal  and  Z  the  longitudinal  co- 


Due  to  the  presence  of  fringe  field  on  both  magnet  edges,  the 
real  trajectory  traced  out  by  the  beam  will  deviate  from  expec¬ 
tation.  The  integral  dipole  strength  seen  by  the  beam  will  then 
have  a  discrepancy  to  design  value.  The  beam  tracing  method 
is  employed  to  correct  fringe  field  effect  and  to  calibrate  inte¬ 
gral  dipole  strength  of  the  bending  magnets  by  tuning  magnet 
current.  Final  correction  factor  was  achieved  in  the  condition  of 
simulated  results  meet  to  design  requirements.  During  machine 
commissioning,  the  measured  betatron  tunes  were  found  differ¬ 
ent  from  modeling  and  a  correction  factor  was  applied  to  correct 
this  tune  differences.  This  factor  is  in  well  agreement  with  that 
predicted  by  the  beam  tracing  method. 


I:  Introduction 

The  bending  magnet  for  the  SRRC  storage  ring  is  a  C-type 
magnet.  It  is  an  assembly  from  lamination  iron  plates  with  its 
pole  face  tilted  to  combine  dipole  field  and  quadrupole  field. 
Though  the  magnetic  field  has  been  well  measured,  the  measure¬ 
ment  is  based  on  ideal  trajectory,  curve  in  bending  region  and 
straight  for  the  other  section.  For  the  presence  of  fringe  field  at 
magnet  edges  the  real  trajectory  of  the  beam  would  deviate  from 
ideal  one.  The  magnetic  field  seen  by  the  beam  will  have  a  lit¬ 
tle  difference  due  to  this  trajectory  discrepancy.  It  implies  a  fine 
calibration  is  necessary  if  the  difference  has  significant  effect.  In 
this  report,  beam  tracing  method  is  employed  to  check  this  differ¬ 
ence  by  taking  the  eighth  mass  produced  bending  magnet  as  an 
ensemble.  A  tracing  program  is  written  to  simulate  the  real  tra¬ 
jectory  of  the  electron  in  real  magnetic  field  and  the  dipole  field 
is  calibrated  based  on  this  simulated  trajectory.  Since  simulated 
trajectory  dependent  on  the  field  the  beam  encounted,  there  are 
several  way  to  get  the  correction  by  changing  field  distribution 
such  as  shifting,  rotating  the  magnet^^^  or  changing  its  power  cur¬ 
rent.  However  it  is  very  difficult  to  take  into  account  shifting 
(rotating)  factor  in  installation.  Correction  on  power  current  is 
selected  for  field  adjusting  tool. 

In  this  paper,  results  from  tracing  prediction  are  compared 
with  that  obtained  from  commissioning.  Algorithm  for  the  beam 
tracing  method  is  described  in  section  II.  Error  estimation  of  the 
tracing  program  and  the  tracing  prediction  are  also  given  in  sec¬ 
tion  II.  Commissioning  results  for  this  topics  can  be  found  in  sec¬ 
tion  III,  The  consistency  of  these  two  approaches  are  quit  good. 

II:  Tracing  program  and  tracing  prediction 

The  beam  tracing  program  simulates  the  median  plane  trajec- 
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ordinate  respectively.  Origin  of  the  coordinate  system  is  chosen 
at  the  magnet  center.  The  motion  of  the  electron  in  the  median 
plane  obeyst^^ 

..  -  =  (1) 
^o/> 

in  which  X  is  the  horizontal  position  of  tracing  point,  Bop  is 
the  ring  rigidity  and  B  the  vertical  magnetic  field  of  tracing 
point,  which  is  interpolated  from  measured  field  by  three  or  four- 
point  bivriate  methodt^l .  Since  no  significant  difference  between 
these  two  field  interpolated  method,  less  than  2x10“^,  three- 
point  bivriate  method  is  used.  The  differentiation  in  equation  (1) 
is  w.r.t.  the  longitudinal.  Interpolation  from  one  point  to  the  next 
point  is  calculated  from  equation  (1)  by  Runge-Kutta  method. 
Since  rigidity  includes  the  information  of  beam  energy,  the  pro¬ 
gram  can  simulate  the  trajectory  for  fixed  energy  of  electron  in 
the  known  field  distribution  or,  on  the  contrary,  to  get  the  infor¬ 
mation  of  beam  energy  and  simulated  trajectory  in  the  fixed  field 
distribution.  The  former  situation  is  applied  in  this  report  while 
the  latter  can  be  applied  to  measure  the  beam  energyt^^ . 

A  testing  tracing  was  first  performed  to  check  the  accuracy 
of  the  tracing  program  by  ideal  isomagnet  field  distribution  with 
design  field  value  and  effective  length.  Error  bar  of  the  traced 
parameters  in  this  testing  tracing  are  all  within  0.007%,  which 
is  quite  enough  for  the  study,  and  position  error  for  testing  trac¬ 
ing  point  is  also  within  the  alignment  tolerance.  Accuracy  of  the 
tracing  program  would  be  increased  a  little  bit  in  real  field  trac¬ 
ing  for  it  has  continuous  field  distribution  instead  of  hard  edge 
one. 

In  tracing  simulation,  the  following  strategies  were  consid¬ 
ered:  a)  integral  dipole  strength  (bending  angle)  within  design 
requirement,  b)  symmetry  simulated  trajectory  w.r.t.  magnet 
center,  c)  position  error  for  tracing  points  outside  effective  bend¬ 
ing  within  alignment  tolerance.  Strategy  a)  ensures  the  electron 
beam  will  be  bent  to  a  circle  within  a  tolerable  error.  Strategies 
b)  and  c)  push  simulated  trajectory  meeting  to  ideal  trajectory  ex¬ 
cept  that  in  effective  bending  section.  These  considerations  are 
very  important  for  the  beam  diagnostics. 

Since  field  measurement  extended  far  away  from  the  magnet, 
the  magnetic  field  outside  the  measured  area  is  assumed  to  zero 
for  the  field  is  neglectable  small  at  this  large  distance.  The  trac¬ 
ing  step  is  the  same  as  that  used  in  testing  tracing,  5mm  for  far 
away  region  and  0.2mm  for  points  close  to  the  magnet.  Un¬ 
der  above  conditions,  design  energy  of  electron  were  traced  in 
the  ensemble  field  distribution,  which  is  measured  at  the  median 
plane  of  the  eighth  mass  produced  bending  magnet  powered  at 
nominal  current.  Table  1  lists  this  uncorrected  tracing  results. 
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Table  I 

Comparison  of  the  raw  data  tracing  results  with  the  ideal 
values,  in  which  Bl  integral  strength,  len  effective  length,  6 
bending  angle,  Be  center  field,  subindex  s  indicates  tracing 
starting  point,  t  the  magnet  entrace  point,  e  the  magnet  exit 
point,  and  d  the  tracing  ending  point. 


Ideal  Value 

tracing  Results 

Error 

B/(T*m) 

1.513666 

1.521917 

0.54% 

ieff  (m) 

1.22 

1.222098 

— 

e(deg) 

20 

20.10779 

0.54% 

BciT) 

1.24071 

1.245336 

— 

xa/zs  (mm) 

-912.198/-106.928 

-912.198/-106.928 

— 

xt/zt  (mm) 

-606.998/-53.113 

-606.998/-53.418 

— 

Xe  jze  (mm) 

607.002/-53.114 

607.002/-54.872 

— 

Xd/zd  (mm) 

911.002/-106.660 

911.002/-108.789 

— 

From  the  data  shown  in  table  1  it  is  clear  that  design  energy  of 
electron  is  overbent  by  about  0.5%  as  magnet  is  powered  at  nom- 
inal  current.  The  0.5%  overbent  has  been  taken  into  account  the 
effect  from  trajectory  as  well  as  the  contribution  of  fringe  field. 
It  is  straightforward  to  scale  down  the  magnetic  field  by  this 
amount  approximately  and  design  energy  of  electron  is  traced 
again  in  this  scaled  down  field.  After  some  efforts  the  final  cor¬ 
rection  factor  for  the  magnetic  field  is  0.575%  instead  of  0.5%. 
This  small  discrepancy  is  coming  from  the  magnetic  field  seen 
by  design  energy  of  electron  is  slightly  changed  due  to  different 
trajectory  followed.  Table  2  lists  these  corrected  tracing  results. 


Table  D 

Comparison  of  the  corrected  tracing  results  with  the  ideal 
values. 


Ideal  Value 

Tracing  Results 

Error 

Bl  (T*m) 

1.513666 

1.513827 

0.01  % 

^eff  (m) 

1.22 

1.223162 

— 

e  (deg) 

20 

20.00821 

0.04  % 

BeCT) 

1.24071 

1.237635 

— 

Xsjzs  (mm) 

-912.198/-106.928 

-912.198/-106.928 

— 

xt  jzt  (mm) 

-606.998/-53.113 

-606.998/-53.417 

— 

XejZe  (mm) 

607.002/-53.114 

607.002/-53.583 

— 

Xdjzd  (mm) 

~ 

Correction  on  the  magnetic  field  is  achieved  by  tuning  its 
power  current.  The  necessity  of  0.575%  reduction  on  the  mag¬ 
netic  field  also  reveals  nominal  current  is  too  large  for  design  en¬ 
ergy  of  electron.  From  the  good  field  uniformity  and  the  linear 
relation  between  the  field  and  its  power  current  within  this  small 
range,  final  correction  factor  on  the  current  is  also  predicted  by 
0.575%. 

The  tracing  results  listed  in  table  2  are  in  good  agreement 
with  the  design  except  magnet  center  field  and  effective  length. 
These  discrepancies  are  coming  from  simulated  trajectory  devi¬ 
ated  from  ideal.  As  we  known  the  main  function  of  the  bending 
magnet  is  to  bend  design  energy  of  electron  with  the  desired  an¬ 
gle.  Hence  bending  angle  and  integrated  dipole  strength  are  the 
most  important  parameters  to  be  considered.  The  error  of  inte¬ 
grated  dipole  strength  (bending  angle)  is  within  4xl0~^,  which 
is  well  within  the  specification  of  1x10“^.  From  above  simu¬ 


lated  results  it  is  clear  that  integral  dipole  strength  has  been  well 
calibrated  from  reducing  the  nominal  current  by  0.575%. 

Ill:  Experience  in  the  storage  ring  commissioning 

In  storage  ring  commissioning,  the  measured  tunes  are  found 
not  consistent  with  modeling.  The  tune  difference  makes  the  ap¬ 
plication  program,  which  is  based  on  modeling,  don’t  work  well. 
With  the  study  and  correction  of  the  tune  differences,  a  model 
closing  to  real  machine  is  gotten.  The  tunes  of  machine  are  then 
measured  under  different  lattices  and  compared  with  that  pre¬ 
dicted  by  modeling,  as  shown  in  table  3. 

Table  m 

Tune  Differences  between  measurement  and  modeling  before 
correction. 


Lattice 

measured 

modeling  v^jvy 

A 

7.353/4.080 

0.0918/0.0333 

B 

7.232/4.080 

7.3220/4.1151 

0.0900/0.0351 

C 

7.236/4.080 

7.3210/4.1120 

0.0850/0.0320 

D 

7.206/4.092 

7.2927/4.1272 

0.0867/0.0352 

F 

7.210/4.087 

7.2949/4.1186 

0.0849/0.0316 

G 

7.227/4.091 

7.3147/4.1228 

0.0877/0.0318 

H 

7.221/4.086 

7.3078/4.1169 

0.0868/0.0309 

I 

7.235/4.082 

7.3245/4.1121 

0.0895/0.0301 

The  contribution  of  individual  quadrupole  in  tunes  are  also  in¬ 
vestigated  by  the  formula 

with  l3  is  averaged  (3  function  and  j  =  the  inverse  of  focus 
length,  and  results  of  one  super-period  in  the  6-fold  symmetry 
lattice  are  shown  in  table  4. 

Table  IV 

Estimated  Si/xISi/y  in  one  super  period  with  ki  strength  (T/m),  I 
length  (m),  and  beta  functions  (m). 


Name 

fci 

1 

Px 

Svx 

SUy 

Qi 

-1.50815 

0.35 

12.3 

5.9 

-0.51189 

+0.24783 

Q2 

2.87048 

0.35 

18.8 

4.6 

+1.50304 

-0.36777 

Qs 

-1.15592 

0.24 

6.2 

9.9 

-0.13687 

+0.21857 

DMi 

-0.37 

1.22 

1.2 

10.81 

-0.04311 

+0.38831 

Qi 

2.73087 

0.35 

6.3 

2.5 

40.47318 

-0.19015 

DM2 

-0.37 

1.22 

1.82 

5.71 

-0.06538 

+0.20511 

Qi 

2.73087 

0.35 

6.3 

2.5 

+0.47318 

-0.19015 

DMi 

-0.37 

1.22 

1.2 

10.81 

-0.04311 

+0.38831 

Qi 

-1.15592 

0.24 

6.2 

9.9 

-0.13687 

+0.21857 

Q2 

2.87048 

0.35 

18.8 

4.6 

+1.50304 

-036111 

Qi 

-1.50815 

0.35 

12.3 

5.9 

-0.51189 

+0.24783 

If  we  add  up  all  of  the  contribution  of  quadrupole  elements  in 
tunes  in  table  4,  ratio  for  the  summation  of  horizontal  tune  to  the 
vertical  is  around  3.1434,  which  is  very  close  to  the  difference 
tune  ratio  for  individual  element  in  table  3 .  This  fact  indicates  the 
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discrepancy  in  tunes  between  real  machine  and  modeling  could 
come  from  one  source,  by  which  all  of  the  quadrupole  strength 
in  the  ring  can  be  scaled  up  or  down.  The  beam  energy,  which  is 
used  as  a  normalization  factor  in  modeling  program,  is  suspected 
to  produce  this  scaling  factor.  If  the  beam  energy  increased  by 
a  factor  of  0.5%  then  the  tune  difference  between  measurement 
and  modeling  is  reduced  to  reasonable  level,  as  shown  in  table 
5. 

Table  V 

Tune  differences  between  measurement  and  modeling  with 
correction  factor  0.995, 


Lattice 

measured  i/x  /  I'y 

modeling  Ux  / 

Ai/xl^i'v 

0715-00 

1.230f4m2 

7.2449/4.0793 

0.0149/-0.0027 

0715-01 

7.208/4.092 

7.2220/4.0913 

0.0120/-0.0007 

0715-02 

7.244/4079 

7.2619/4.0750 

0.0179/-0.0040 

0715-03 

7,226/4.088 

7.2410/4.0864 

0.0150/-0.0016 

0715-04 

7.235/4.080 

7.2514/4.0770 

0.0164/-0.0030 

0715-05 

7.261/4.081 

7.2778/4.0787 

0.0168/-0.0023 

0715-06 

7.251/4.086 

7.2666/4.0850 

0.0156/-0.0010 

0715-07 

7.276/4.078 

7.2946/4.0743 

0.0186/-0.0037 

0715-08 

7.258/4.088 

7.2736/4.0857 

0.0156/-0.0023 

0715-09 

1267/4m0 

7.2841/4.0762 

0.0171/-0.0038 

0715-10 

7.203/4.083 

7.2127/4.0798 

0.0097/-0.0032 

0715-11 

7.193/4.088 

7.2012/4.0858 

0.0082/-0.0022 

0715-12 

7.218/4.079 

7.2301/4.0756 

0715-13 

7.200/4.089 

7.2086/4.0868 

0.0086/-0.0022 

0715-14 

7.208/4.080 

7.2191/4.0774 

0.001 11/-0.0026 

0715-15 

7.174/4.083 

7.1807/4.0803 

0.0067/-0.0027 

0715-16 

7.295/4.080 

7.3106/4.0781 

0.0156/-0.0019 

this  linear  assumption  is  a  very  good  approximation.  While  as 
the  deviation  is  too  much  the  linear  assumption  is  not  hold  again 
and  the  tracing  study  need  to  be  performed  at  this  deviated  field 
distribution  to  give  precise  prediction. 

Since  SRRC  bending  magnet  is  a  combined  function  one,  cor¬ 
rection  on  the  dipole  field  will  slightly  change  the  combined 
quadrupole  field.  While  the  correction  algorithm  for  bending 
magnet  is  to  correct  the  dipole  field  first.  Due  to  the  good  tunabil- 
ity  of  the  chosen  lattice,  error  of  the  combined  quadrupole  field  in 
bending  magnet  is  easier  to  be  overcame  by  triplet  quadrupoles 
outside  the  achromate. 
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This  indicates  the  integral  dipole  strength  is  too  strong  for  design 
energy  of  electron  and  need  to  be  reduced.  After  some  efforts,  fi¬ 
nal  scaling  factor  is  0.99448.  That  means  the  correction  factor  in 
dipole  field  and  its  powered  current  is  0.552%,  which  is  in  good 
agreement  with  that  predicts  by  the  tracing  simulation. 


IV:  Conclusion 

The  beam  tracing  method  is  a  good  tool  to  calibrate  the  mag¬ 
netic  dipole  field  w.r.t.  its  powered  current  as  well  as  for  the 
study  of  beam  energy  and  its  possible  tracing  trajectory  in  the 
known  field  distribution.  In  above  study  design  energy  of  elec¬ 
tron  is  used  to  calibrate  the  magnetic  field  and  its  powered  cur¬ 
rent  by  beam  tracing  method.  Design  energy  of  electron  is  found 
to  be  overbent  by  the  dipole  at  its  nominal  current  setting.  The 
excessive  factor  for  integral  dipole  strength  is  around  0.5%.  As 
dipole  current  is  reduced  by  0.575%,  a  good  results  was  found 
with  a  symmetry  trajectory  w.r.t.  magnet  center  and  position 
error  outside  the  magnet  within  alignment  tolerance.  Integral 
dipole  strength  and  bending  angle  are  also  well  within  the  spec¬ 
ification  after  this  reduction.  From  storage  ring  commissioning 
a  tune  discrepancy  between  real  machine  and  model  prediction 
was  found.  This  discrepancy  finally  is  indicated  to  be  coming 
from  magnetic  dipole  field  is  too  strong.  As  the  magnet  pow¬ 
ered  current  is  reduced  by  0.552%  the  discrepancy  in  tunes  is 
canceled.  This  fact  shows  the  good  consistency  of  these  two  ap¬ 
proaches,  tracing  prediction  and  the  commissioning  verication. 

In  this  paper  the  linear  relation  between  dipole  field  and  its 
powered  current  is  assumed.  Within  a  small  range  of  variation 
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To  increase  the  reliability,  simplify  the  tuning,  and  boost 
the  efficiency  of  our  70  MeV  mobile  Race-Track  Microtron 
design  we  use  a  narrow  rectangular  asymmetric  accelerating 
structure,  rare-earth  permanent  end  magnets,  wiggler-like 
vertical  focusing  lenses  on  the  return  paths,  and  abeam 
buncher  preceding  the  linac.  We  present  here  beam 
dynamics  simulation  results  and  construction  details. 

L  Introduction 


We  vertically  focus  the  beam  with  REPM  wiggler-like 
lenses  installed  on  the  return  paths  instead  by  end  magnet 
field  gradient.  These  lenses  negligibly  influence  the 
horizontal  motion,  no  s)mchronous  phase  drifts  are  induced, 
and  the  phase  stability  region  is  easily  maximized. 

Table  I 

RTM  parameters. 


Our  original  70  MeV  mobile  Race  Track  Microtron 
design  [1]  was  based  on  proven  principles  but  included  new 
features  which  decreased  the  RTM  weight  and  size  while 
increasing  its  efficiency:  Beam  reflection  in  the  end  magnet 
fringe  field  on  the  first  orbit  to  bypass  the  linac  followed  by 
acceleration  in  the  reverse  direction;  End  magnets  with 
main  and  reverse  field  coils  optimized  to  reduce  size  and 
weight;  Tuning  of  the  reverse  field  amplitude  and  position; 
Vertical  focusing  by  the  end  magnet  fringe  fields  and 
internal  field  gradients;  Horizontal  focusing  by  an  on-linac- 
axis  quadrupole  singlet;  and  A  linac  optimized  for  efficient 
low-energy  beam  capture  and  high-energy  beam 
acceleration. 

Our  design,  as  well  as  those  of  most  pulsed  RTMs,  had 
inherent  problems:  Precisely  retro-reflecting  the  beam  on 
the  linac  axis  combined  with  accurate  fringe  field  focusing; 
Increasing  parasitic  losses  when  the  dispersed  reflected  beam 
enters  linac;  Achieving  stable  phase  oscillations  by 
adjusting  both  end  magnet  positions;  Synchronous  phase 
drift  decreasing  the  phase  stability  region  and  increasing  the 
number  of  orbits,  owing  to  the  end  magnet  field  gradient; 
Decreasing  the  RTM  efficiency  and  increasing  the 
environmental  radiation  by  beam  losses  (10-20  %  with  a 
specially  optimized  linac  depending  on  the  injected  beam 
transverse  emitfance). 

To  solve  these  problems  we  introduce  a  narrow 
asymmetric  rectangular  accelerating  structure  [2]  which, 
together  with  short-tail  fringe  field  Rare  Earth  Permanent 
Magnet  end  magnets  [3],  allows  the  beam  to  clear  the  linac 
after  the  first  acceleration.  The  beam  dispersion  after  the 
first  end  magnet  passage  is  compensated  for  by  the  second 
end  magnet.  The  position  of  only  one  magnet  need  be 
adjusted  to  achieve  stable  phase  oscillations.  Our  REPM  end 
magnets,  smaller  than  conventional  electromagnets  with 
coils,  require  no  power  supply  or  cooling. 


Injection  energy 

Energy  gain  per  turn 

Number  of  turns 

Output  energy 

Output  current  at  70  MeV 

Increase  in  orbit  circumference  per  turn 

Operating  frequency 

Klystron  power  pulsed/average 

End  magnet  field  induction 

RTM  dimensions 


55  keV 
5.26  MeV 
14 

10  -  74  MeV 
45  mA 
IX 

2,450  MHz 
5  MW/5  (15)  kW 
0.9  T 

2  X  0.6  X  0.6  m^ 


We  have  placed  a  beam  buncher  at  the  accelerating 
structure  entrance  to  increases  the  beam  capture  and 
decrease  the  beam  losses.  The  principle  RTM  parameters 
are  given  in  Table  I  and  the  RTM  block-diagram  is  shown  in 
Fig.  1. 


Fig,  1.  RTM  schematic:  Ml  &  M2  REPM  end  magnets, 
correcting  Coils,  Accelerating  Structure,  Electron  Gun, 
Buncher,  i^uadrupole  singlets,  MCI -3  chicane  magnets. 
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solenoid  Lens,  Vertical  Lenses,  and  MEl  and  ME2 
extraction  magnets. 

IL  End  Magnet  and  Accelerating 
Structure  Focusing 

After  first  acceleration  and  end  magnet  passage,  an 
orbit's  displacement  from  the  linac  axis,  depends  on  the 
orbital  circumference  increase  per  turn,  v,  the  injection 
energy,  the  energy  gain  per  turn,  and  the  end  magnet  fringe 
field  configuration.  Injecting  at  several  tens  of  keV  and 
making  v  =  1  by  changing  the  reverse  field  amplitude  and 
position  at  the  end  magnet  entrance,  this  displacement  can 
be  adjusted  from  zero  (i.e.,  retro-reflection  on-the-linac  axis) 
to  a  value  exceeding  the  orbit  diameter  in  a  fringe  fieldless 
ideal  end  magnet.  To  realize  the  maximum  orbit  diameter 
without  strong  fringe  field  defocusing  the  reverse  field 
maximum  must  be  in  as  close  proximity  as  possible  to  the 
main  magnet  yoke  (i.e.,  a  short-tail  fringe  field  similar  to 
that  of  ref.  4),  For  magnets  with  main  and  reverse  coils  this 
distance  usually  exceeds  the  reverse  pole  gap  so  that 
magnetic  flux  will  not  penetrate  the  main  yoke. 

The  end  magnet  fringe  field  tail  is  shorter  in  our  REPM 
end  magnet  [3]  than  in  our  original  electromagnet  with  coils, 
as  seen  in  Fig.  2.  The  REPM  end  magnet  fringe  field  is 
focusing  in  the  first  orbit  which  is  ~0.33  X  from  the  linac 
axis.  The  fringe  field,  whose  focusing  energy  dependence 
[5]  is  shown  in  Fig.  3,  is  slightly  defocusing  for  higher 
energies  with  a  -60  m  focal  length  on  the  last  orbit. 


Fig.  2.  End  magnet  fringe  fields. 

Our  original  axially  symmetrical  accelerating  structure 
with  optimized  effective  shunt  impedance  and  operating  in  a 
Eoi-like  mode  has  a  -0.375  X  radius.  Thus,  even  neglecting 
wall  thickness,  the  first  orbit  beam  would  hit  the  accelerating 
structure.  This  radius  can  be  decreased  by  capacitive  loading 
the  accelerating  cells  with  long  drift  tubes,  but  the  effective 
shunt  impedance  for  adequate  structure  radius  will  at  least  be 
halved  from  the  quality  factor  decrease. 

We  break  the  axial  symmetry  of  the  accelerating  structure 
to  reduce  its  dimensions  in  the  orbit  plane.  Guided  by  our 


experience  with  rectangular  classical  microtron  cavities  [6] 
and  with  collider  accelerating  structures  lacking  axial 
symmetry  [7],  we  use  a  standing  wave  on-axis  coupled 
rectangular  accelerating  structure  with  circular  beam  holes 
[2].  Our  calculations  [8]  and  experiments  [2]  show  that  in 
the  orbit  plane  our  linac  with  half- width  -0.27  X  and 
vertical-to-horizontal  dimension  ratio  of  2:1  has  a  shunt 
impedance  10-20%  higher  (-90  MQ/m  for  X  =  0.1224  m) 
than  our  previous  optimized  axially  synunetric  structure. 

For  relativistic  particles  the  radial  electric  and  azimuthal 
magnetic  field  forces  nearly  cancel  in  axially  symmetric 
structures.  In  an  axially  asymmetric  structure  there  is  a 
strong  energy  dependent  quadrupole  effect,  focusing 
vertically  while  defocusing  horizontally,  as  seen  in  Fig.  3, 
where  the  linac  (one  P  =  0.67  cell  and  six  p  =  1.0  cells)  has 
an  on-axis  voltage  ratio  of  U1/U2.7  =  0.96.  Theoretical 
calculations  [6]  support  our  computer  simulated  results  [5,8]. 
RTM  optics  compensate  in  the  first  few  orbits  for  this  strong 
focusing/defocusing  whose  strength  varies  directly  with  the 
accelerating  structure  vertical-to-horizontal  dimension  ratio. 
Our  linac  focusing  will  be  further  improved  by  using  non¬ 
circular  beam  holes. 


Fig.  3.  REPM  end  magnet  fringe  field  and  rectangular  linac 
focusing. 

III.  RTM  OPTICS  AND  BEAM  CAPTURE 

To  compensate  for  the  horizontal  linac  defocusing  we 
install  a  REPM  quadrupole  singlet,  Ql,  at  the  linac  exit. 
The  55  keV  beam  injected  into  the  linac  is  not  focused  with 
the  energy  dependence  of  Fig.  3  (1/Fx=  3.1  m  \  1/Fy=  0.97 
m'*  for  synchronous  particles)  so  we  add  a  second  REPM 
quadrupole  singlet,  Q2,  at  the  end  magnet  M2  exit.  For 
strong  vertical  focusing  we  use  REPM  wiggler-like  lenses  [9] 
at  the  beginning  of  each  orbit  return  path.  These  lenses 
consist  of  three  equal-length  parallel-edged  dipole  magnets 
with  the  center  dipole  field  doubled  and  reversed.  The 
vertical  focal  length  is  Fy  =  “d/4  tan(a)^,  where  a  is  side 
magnet  bending  angle,  and  d  is  its  length  chosen  to  be  5  cm. 
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The  horizontal  focal  length  is  nearly  infinite.  The  optimal 
bending  angle  range  is  A°-T  and  the  maximum  central 
magnet  field  at  the  last  orbit  is  -0.87  T.  The  optimal 
quadrupole  field  gradient  for  both  lenses  is  -1.75  T/m  for 
effective  length  5  cm. 

Figure  4  shows  that  vertical  and  horizontal  particle 
trajectories,  displaced  from  the  linac  axis  on  entrance, 
oscillate  with  decreasing  amplitude.  In  the  vertical  there  are 
nonlinear  effects  (different  vertical  oscillation  periods  for 
different  initial  displacements)  owing  to  end  magnet  fringe 
field. 


Fig.  4.  Vertical  and  horizontal  particle  trajectories  with 
displacement  from  the  linac-axis  at  entrance. 

To  increase  RTM  capture  efficiency  and  decrease 
parasitic  beam  losses  we  install  a  buncher  resonator  between 
the  electron  gun  and  the  linac  with  buncher-linac  distance  of 
15  cm  and  the  buncher  electric  field  amplitude  of  -2.2%  of 
that  of  the  first  accelerating  cell.  For  a  continuos  zero 
transverse  emittance  beam  there  is  a  three-fold  increase  in 
the  longitudinal  capture  efficiency.  Otherwise  the  capture 
efficiency  depends  on  the  transverse  beam  emittance,  its 
match  to  the  RTM  acceptance,  and  the  linac  injection  phase. 
About  34%  of  an  electron  gun  beam  with  radius  x  divergence 
of  2  mm  X  10  mrad  (i.e.,  a  80  mm  x  mrad  transverse  phase 
space)  reaches  the  RTM  output,  twice  that  of  our  original 
design  [1].  Thus  only  a  -140  mA  current  need  be  injected 
into  the  RTM  to  realize  a  45  mA  beam  at  exit. 

Bending  magnet  MCI  has  little  influence  on  the 
longitudinal  beam  dynamics  for  the  energy  modulated  55 
keV  beam  since  the  decreased  path  length  for  lower  energy 
electrons  is  partially  compensated  for  by  their  reduced 
velocity.  However,  for  dispersion  introduced  by  MCI 
increases  beam  losses,  so  we  inject  the  beam  on  the  linac 
axis  using  a  zero  dispersion  alpha  magnet  [10].  Magnets 
MC2  and  MC3  compensate  for  the  effect  of  the  alpha  magnet 
on  higher  orbit  beams.  To  match  the  electron  gun  beam  to 
the  RTM  acceptance  we  install  a  solenoid  lens  after  the 
buncher. 


IV.  Conclusions 

Our  re-designed  mobile  70  MeV  pulsed  race-track 
microtron  has  two  essential  new  features  —  a  rectangular 
linac  and  rare-earth  permanent  magnets  throughout  —which 
improve  its  performance  and  efficiency. 
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Abstract 

A  method  which  measures  the  e”  beam  energy  in  the  booster 
to  storage  ring  transport  line  is  introduced.  One  of  the  bending 
magnet  in  the  BTS  transport  line  is  chosen  as  the  reference  dipole 
for  the  energy  measurement.  The  beam  tracing  method  which 
takes  into  account  of  the  fringe  field  effect  is  employed  to  cali¬ 
brate  the  I-B  curve  of  the  reference  dipole  to  enhance  the  accu¬ 
racy  of  the  energy  measurement.  The  desired  trajectory  of  the 
e“  beam  is  traced  for  different  energy  by  adjusting  the  reference 
dipole  current.  The  current  correction  factor  with  and  without 
this  calibration  is  -0.33  %  for  1.3  GeV  e”*  beam  for  SRRC.  The 
possible  error  sources  of  this  measurement  are  also  discussed  and 
estimated. 

I:  General  Description 

One  simple  method  to  measure  the  beam  energy  in  transport 
line  is  to  use  one  dipole  magnet  as  the  reference  dipole.  By 
proper  adjusting  the  strength  of  reference  dipole  the  beam  will 
go  through  the  center  of  the  BPM  at  down  stream.  TTie  relation¬ 
ship  of  beam  energy  and  the  dipole  strength  is: 

Bp=:CxE  (1) 

where  B  the  magnetic  field  in  Tesla,  p  the  bending  radius  in 
meter,  E  the  beam  energy  in  GeV  and  C  is  a  constant.  For  elec¬ 
tron  the  constant  is  3.335646.  The  beam  goes  through  the  center 
of  the  BPM  implies  that  we  have  the  designed  /?.  Thus  the  en¬ 
ergy  is  proportional  to  dipole  field  strength.  The  beam  has  to  be 
steered  such  that  it  can  launch  at  the  designed  entrance  point  of 
the  reference  dipole.  So  before  the  reference  dipole  there  needs 
at  least  two  correctors  in  the  bending  plane  to  adjust  the  position 
and  the  angle  of  the  beam.  It  also  needs  two  monitors  to  observe 
the  result.  According  to  the  above  consideration,  the  DM2  in 
transport  line  of  SRRC  was  chosen  as  the  reference  dipole.  The 
schematic  layout  of  BTS  transport  line  related  to  this  measure¬ 
ment  is  shownin  figure  1.  The  septum  and  horizontal  corrector 
HC 1  before  DM2  is  used  to  adjust  the  entrance  point  of  the  beam. 
BPMl  and  screen  monitor  SCN2  are  employed  to  help  steering 
the  beam  to  enter  DM2  with  right  position  and  right  angle.  Af¬ 
ter  the  beam  entering  DM2,  the  strength  of  DM2  is  adjusted  to 
steer  the  beam  go  through  the  desired  trajectory.  The  BPM2  after 
DM2  was  used  to  monitor  the  beam  to  make  sure  the  desired  tra¬ 
jectory  was  achieved.  Of  course  all  the  other  magnets  between 
BPMl  and  BPM2  were  off  during  the  measurement. 

As  one  can  see  the  reference  dipole  is  the  key  point  in  this  mea¬ 
surement.  The  accuracy  of  the  energy  measurement  depends  on 
how  ’’standard”  the  B  field  is.  Thus  the  calibration  of  the  DM2 
has  to  be  done  to  enhance  the  accuracy  of  the  measurement. 
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Figure.  1.  The  schematic  layout  of  the  BTS  transport  line  to 
DM3. 


II:  The  Calibration  of  reference  dipole 

The  integrated  B-I  curve  of  the  reference  dipole  has  been  pro¬ 
vided  by  the  Magnet  Measurement  Group^^^  of  SRRC.  The  as¬ 
sumed  reference  trajectory  in  the  field  measurement  is  an  ideal 
trajectory.  Based  on  this  assumed  reference,  multipole  field  ex¬ 
pansion  and  corresponding  integrated  strength  is  obtained.  But 
in  the  real  case  the  field  and  its  distribution  of  the  magnet  are  not 
ideal.  It  has  fringe  field  and  the  trajectory  of  the  tracing  parti¬ 
cle  will  deviate  from  the  design.  The  beam  starts  to  bend  earlier 
when  it  encounters  the  fringe  field.  If  the  field  is  stronger  than  the 
design,  bigger  bending  angle  results.  On  the  contrary,  smaller 
field  will  give  smaller  bending  angle.  In  both  cases  an  unsym¬ 
metry  tracing  trajectory  is  obtained.  Therefore  the  current  need 
to  be  tuned  to  reach  a  symmetry  trajectory  as  close  to  the  design 
as  possible. 

The  beam  tracing  program  is  employed  to  simulate  the  trajec¬ 
tory  of  the  particle  in  the  real  magnetic  field.  From  the  discrep¬ 
ancy  between  tracing  result  and  the  design,  the  correction  factor 
for  the  integrated  B-I  curve  can  be  obtained  and  a  symmetry  tra¬ 
jectory  will  be  constructed.  The  same  method  has  also  been  ap¬ 
plied  to  the  ring  combined  function  bending  magnet  of  SRRC^^^. 
In  the  simulations  of  this  case  the  coordinate  is  chosen  to  be  the 
Cartesian  coordinate  with  the  origin  at  the  magnet  center.  The 
tracing  starts  from  the  point  of  (-0.622m,  -0.03909m),  which  is 
on  the  ideal  trajectory  and  is  the  starting  point  of  the  magnetic 
field  mapping.  The  tracing  is  ended  at  the  the  intersection  point 
of  the  ideal  trajectory  and  the  line  of  x=0.622m.  The  initial  trac¬ 
ing  angle  is  the  design  angle  of  5  degree  and  the  tracing  step  is 
chosen  to  be  1mm  in  Z-axis  which  is  the  direction  of  beam  mo¬ 
tion.  The  field  at  the  mapping  edge  is  few  ten  gauss.  Hence  the 
field  outside  the  mapping  area  is  set  to  zero. 

The  point  by  point  measurement  of  magnetic  field  at  the  cur¬ 
rent  settings  of  341  A,  390A  and  438A  were  measured  and  pro¬ 
vided  by  the  Magnet  Measurement  Group!^^^.  From  the  inte¬ 
grated  B-I  curve  these  three  settings  are  interpreted  as  the  trac- 
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ing  particles  with  the  energy  of  1.1651Gev,  1.3323Gev  and 
1.4782Gev  respectively  when  particles  trace  in  the  same  bend¬ 
ing  radius  of  DM2.  Hence  ideally  particles  with  these  three  dif¬ 
ferent  current  settings  and  energies  will  follow  the  same  design 
trajectory.  These  three  energy  of  beams  were  then  traced  in  the 
corresponding  measured  field  and  the  results  are  given  in  table 
1.  It  is  found  that  the  bending  angle  and  the  integrated  strength 
are  0.48%  higher  for  1.1651  Gev,  0.33%  higher  for  1.3323  Gev 
and  2.18%  higher  for  1.4872  Gev  respectively.  It  is  also  found 
that  the  discrepancy  between  the  tracing  trajectories  and  the  de¬ 
sign  is  also  larger  than  alignment  tolerance.  The  integrated  B-I 
curve  approximate  linear  from  300A  to  430A  and  begins  to  satu¬ 
rate  above  430A.  The  fringe  field  will  effect  more  serious  on  the 
field  in  saturation  region.  Since  1.4872  Gev  beams  are  traced  in 
the  field  powered  at  saturation  region  (438A)  the  field  distribu¬ 
tion  will  different  from  the  linear  one.  This  is  why  the  current 
correction  factor  for  the  438A  case  are  about  2%  higher  than  the 
unsaturated  one  which  is  only  0.3-0.5%. 

In  order  to  reduce  the  exceeded  field  and  to  correct  the  trajec¬ 
tory  discrepancy  the  field  is  scaled  down  by  a  proper  factor  to 
make  up  for  these  two  imperfections.  The  three  energy  of  beams 
were  traced  again  in  the  corresponding  scaled  down  field  and  the 
results  are  also  listed  in  table  1 .  Here  the  relationship  of  field  and 
power  current  is  assumed  linear.  Hence  the  scaled  down  factor 
for  the  field  can  be  also  applied  to  the  current.  From  table  1  it  is 
found  that  the  errors  of  the  bending  angle  and  integrated  strength 
are  corrected  to  the  order  of  10“^  except  that  for  the  1.4872Gev 
particles.  A  symmetrical  trajectory  is  also  obtained  with  the  po¬ 
sition  discrepancy  between  the  starting  point  and  the  end  point 
less  than  the  alignment  tolerance.  Since  the  BPM2  is  6  m  down 
stream  from  the  reference  dipole,  the  angle  error  is  also  an  im¬ 
portant  parameter  to  be  checked.  From  table  1  the  angle  error  is 
less  than  1.7  x  10“®  rad  at  exit  point  of  DM2,  which  will  prop¬ 
agate  about  0.01mm  position  offset  to  the  down  stream  BPM2. 
That  means  a  very  good  symmetrical  trajectory  is  obtained  after 
the  corrections.  Hence  our  attempt  of  trying  to  get  a  symmetri¬ 
cal  trajectory  with  the  position  error  at  starting  points  and  end¬ 
ing  points  less  than  the  alignment  tolerance  is  achieved.  Thus 
particles  will  not  deviate  from  the  design  trajectory  before  and 
after  passing  the  reference  dipole  magnet.  Furthermore  the  po¬ 
sition  discrepancy  within  measured  field  region  between  this  ob¬ 
tained  symmetrical  trajectory  and  the  design  is  also  checked.  It 
is  found  the  maximum  discrepancy  in  X-axis  is  about  0.5mm.  It 
is  much  small  than  the  good  field  width  of  ±30  mm  for  the  sep¬ 
arated  function  dipole  of  DM2.  Hence  no  obvious  effects  can  be 
seen  for  this  discrepancy. 

The  tracing  result  of  1.4872  Gev  after  field  correction  is  bad. 
It  is  found  the  bending  angle  error  is  of  the  order  of  10”^  and 
the  integrated  strength  error  is  large  up  to  14%.  This  is  because 
that  the  dipole  current  for  this  energy  is  in  saturation  such  that 
the  tracing  trajectory  deviates  much  from  the  ideal  and  can’t  be 
taken  as  a  reference. 

The  design  field  of  DM2  is  powered  at  current  381 A  for  1.3 
Gev.  The  measured  data  at  381 A  were  not  provided.  But  since 
current  381 A  locates  in  the  linear  region  of  the  integrated  B-I 
curve  and  is  very  close  to  390A.  Hence  the  measured  field  at 
390A  is  scaled  down  to  simulate  the  design  field  of  381 A  case. 
The  tracing  result  at  381 A  shows  the  same  behavior  as  the  cur¬ 


rent  at  341 A  and  390A,  0.3-0.5%  exceeded  field  and  an  unsym- 
metrical  trajectory.  Following  the  same  correction  steps  both  im¬ 
perfections  are  corrected  to  the  acceptable  levels,  also  shown  in 
table  1, 

III:  Error  Estimation 

A  few  possible  error  sources  are  investigated  for  this  measure¬ 
ment.  The  accuracy  of  the  tracing  program  is  checked  first.  By 
comparing  the  tracing  result  of  the  hard  edge  field  with  the  design 
,  the  accuracy  of  the  program  can  be  obtained.  The  tracing  step 
within  the  field  distribution  is  1  mm  while  in  the  neighborhood 
of  the  edge  is  0.02mm  to  improve  the  tracing  accuracy.  By  com¬ 
paring  with  the  design  trajectory,  it  is  found  that  the  maximum 
position  error,  occurred  at  the  exit  point,  is  about  10”^  mm,  the 
angle  error  is  within  2  x  10“"^  mrad  and  error  of  the  integrated 
strengthis2x  10^^.  The  position  error  at  the  down  stream  mon¬ 
itor  BPM2  due  to  the  errors  at  the  exit  point  of  DM2  is  2  //m, 
which  is  well  within  the  accuracy  of  the  BPM.  Hence  error  pro¬ 
duced  by  the  program  is  neglectable. 

The  second  error  source  which  will  effect  the  accuracy  of  the 
measurement  is  the  magnetic  field  error.  From  equation  (1)  we 
see  that  the  errors  are  mainly  divided  into  tow  parts: 

E  p  B  ^  ^ 

This  classification  is  convenient  for  the  theoretic  analysis.  In 
the  measurement  the  bending  radius  is  kept  to  the  design  value. 
Hence  ^  can  be  set  to  zero  and  all  the  energy  measurement  er¬ 
ror  can  be  interpreted  as  the  field  error  independently.  This  sim¬ 
plification  is  reasonable  since  the  only  observable  effect  of  the 
errors  is  the  displacement  at  the  BPM,  The  error  from  magnetic 
field  is  reduced  by  the  calibration  method  provided  in  section  II, 
The  error  left  for  the  field  is  the  dynamic  field  stability,  which  is 
believed  to  be  below  10"^. 

Another  important  error  source  in  this  energy  measurement  is 
the  position  and  angle  deviation.  The  position  errors  are  mainly 
due  to  the  misalignment  of  BPM  and  its  reading  accuracy.  In 
the  beginning  of  commissioning  the  misalignment  of  the  BPM 
was  estimated  to  be  0.5  mm  relative  to  the  dipole  magnet  and 
the  accuracy  of  the  BPM  reading  is  within  0.5  mm.  As  mention 
at  section  I  BPMl  and  SCN2  will  be  used  to  help  the  adjusting 
of  position  and  angle  of  the  beam  into  the  DM2.  The  errors  oc¬ 
cur  at  BPMl  and  SCN2  will  cause  the  beam  launching  at  the  en¬ 
trance  point  of  DM2  with  ±1  mm  position  and  ±0.4  mrad  an¬ 
gle  errors.  Accommodating  with  these  entrance  errors  the  beam 
is  steered  to  the  design  trajectory  within  the  monitor  reading  ac¬ 
curacy  of  BPM2  at  the  6  m  long  down  stream  after  DM2.  Tak¬ 
ing  the  field  distribution  of  390A  after  beam  tracing  calibration 
as  an  example,  the  possible  tuning  range  for  the  magnetic  field 
strength  caused  by  these  errors  is  simulated  by  the  same  tracing 
method  and  its  result  is  from  -0.36%  to  0.37%.  If  we  take  0.5 
mm  misalignment  of  BPM2  into  consideration,  the  possible  tun¬ 
ing  range  will  be  up  to  ±0,42%. 

The  total  error  is  obtained  by  taking  root  mean  square  of  all 
the  above  errors,  the  dynamic  field  stability  of  0,1  %,  errors  due 
to  position  and  angle  discrepancy  of  0.42  %  and  for  safety  the 
miscellaneous  error  of  0.5  %  for  the  unknown.  While  the  0.42 
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%  error  is  enlarged  to  0.5  %  for  the  possible  error  of  field  distri¬ 
bution  used  in  the  simulation.  Hence  the  possible  error  for  this 
energy  measurement  algorithm  is  about  0.72%. 

rV:  Discussion  and  Conclusion 

The  algorithm  of  the  energy  measurement  presented  in  this  re¬ 
port  is  easy  to  achieve.  It  is  based  on  the  original  design  of  the 
BTS  transport  line  and  no  extra  equipments  are  needed.  The  in¬ 
tegrated  B-I  curve  is  an  important  information  for  this  measure¬ 
ment  and  needs  to  be  calibrated.  By  using  the  method  of  beam 
tracing  a  calibrated  intergrated  B-I  curve  is  obtained. 

It  is  found  that  the  current  needs  to  be  scaled  down  by  an 
amount  of  about  0.3%  for  the  linear  region  near  the  designed  en¬ 
ergy  1 .3  GeV.  It  is  also  found  that  the  current  can  not  be  tuned  to 
the  saturation  region  for  the  SRRC. 

The  accuracy  of  the  measurement  is  significantly  effected  by 
dynamic  field(current)  stability,  the  reading  accuracy  of  BPM, 
alignment  error,  launching  error  and  other  unlmown  errors.  By 
appropriate  treatment  the  effect  due  to  reading  accuracy  of  BPM, 
alignment  error  and  launching  error  can  be  factored  out  by  the 
beam  tracing  method.  By  taking  the  root  mean  square  of  all 
the  contribution  of  error  sources,  the  possible  error  of  this  en¬ 
ergy  measurement  algorithmis  about  0.72  %,  of  which  0.5%  un¬ 
known  error  has  been  assumed.  There  are  also  the  unexpected 
errors  when  doing  the  experiment.  However  the  accuracy  is  ex¬ 
pected  to  be  below  1%  in  the  real  experiment.  From  the  above 
simulations  it  is  also  found  that  the  alignment  error  and  the  BPM 
reading  accuracy  are  important  factors  for  the  error  estimation. 
If  these  two  error  sources  are  reduced  the  launching  error  will 
become  smaller  also.  Hence  the  measurement  accuracy  can  be 
better  when  the  alignment  error  and  the  BPM  accuracy  are  im¬ 
proved. 
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Table  1.  The  tracing  results  of  DM2 


Energy 

(GeV) 

I 

(amp) 

bending 

angle 

(degree) 

/Sods 

(T.m) 

current 

correction 

factor 

ending  point 

^end 

(mm) 

Vend 

(mm) 

exit  angle 
(degree) 

design 

1.3 

381.062 

10 

0.756832 

622 

-36.91 

-5 

ideal  tracing 

1.3 

10.00001 

0.756831 

622 

-36.91 

-5.00001 

initial 

1.1651 

341.22 

10.048 

0.681564 

622 

-37.35 

-5.048 

tracing 

1.3 

381.062 

10.034 

0.759384 

622 

-37.19 

-5.034 

1.3323 

390.51 

10.033 

0.778212 

622 

-37.18 

-5.033 

1.4872 

438.62 

10.218 

0.884681 

622 

-38.00 

-5.218 

tracing 

1.1651 

339.58 

9.9999 

0.678297 

-0.48  % 

622 

-36.82 

-4.9999 

after 

1.3 

379.80 

10.00006 

0.756838 

-0.33  % 

622 

-36.82 

-5.00006 

adjustment 

1.3323 

389.21 

10.00001 

0.775633 

-0.33  % 

622 

-36.82 

-5.00001 

1.4872 

429.27 

10.00045 

0.865866 

-2.13% 

622 

-35.65 

-5.00045 
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Pohang  790- 

We  completed  the  commissioning  of  the  PLS  2-GeV  electron 
linac,  which  is  a  full  energy  injector  for  the  storage  ring  of  the 
Pohang  Light  Source,  in  June  1994.  The  prime  mission  for 
providing  beams  to  the  storage  ring  requires  a  few  minutes  for  each 
injection,  and  a  few  times  per  day  when  the  PLS  is  under  the 
normal  operation.  Hence,  we  can  utilize  high  energy  electron 
beams  to  the  electron  scattering  experiments.  In  order  to  produce 
high  current  and  high  duty  factor  beams,  the  design  of  a  pulse 
stretcher  ring  is  underway.  This  paper  presents  the  result  of  the 
design  study  as  well  as  the  experimental  plan. 

1.  INTRODUCTION 

During  the  last  few  decades,  the  electron  has  been  a  preferable 
probe  for  the  study  on  a  short  distance  structure  of  nucleons.  Since 
the  electron  does  not  have  internal  structures,  the  interactions  with 
the  nucleons  is  considered  as  a  single-step  character.  It  also  gives 
a  quantitative  analysis  on  the  electron-nucleon  interaction  since  the 
electromagnetic  interaction  of  the  electron  is  explicitly  calculable 
in  terms  of  quantum  electro-dynamics.  Thus,  the  electron-nucleon 
scattering  experiments  can  be  unambiguously  interpreted  in  terms 
of  the  structure  of  the  nucleon  to  be  proved.  Such  experiments 
performed  in  the  1960's  showed  that  the  nucleon  form  factors  fell 
rapidly  with  increasing  momentum  transfer.  These  suggest  a 
composite  picture  of  the  nucleon.  It  is  now  well  known  that 
nucleons  are  made  of  quarks,  and  that  the  force  between  quarks  is 
generated  by  the  exchange  of  a  particle  called  the  gluon.  This 
fundamental  force  is  described  by  the  theory  of  color  interaction 
known  as  quantum  chromodynamics  (QCD).  However,  it  is  far 
from  easy  to  calculate  hadronic  and  nuclear  properties  in  terms  of 
this  theory.  In  order  to  have  a  better  understanding  on  such 
matters,  one  continues  experiments  on  the  structure  of  nuclei  and 
nucleons  over  decades.  Such  experiments  demand  higher  energy 
and  intensity  of  electron  beams  along  with  more  sophisticated 
detectors. 

The  electron  linac,  which  is  generally  used  for  electron 
scattering  and  photonuclear  reaction  experiments,  provides  a  beam 
of  a  relatively  high  average  current  ranging  up  to  several  hundreds 
of  jiA.  However,  the  linac  usually  gives  a  poor  duty  factor  ranging 
up  to  at  most  a  few  percent.  Such  characteristics  provide  no 
difficulties  for  experiments  such  as  inclusive  electron-nucleon 
scattering  experiments,  in  which  only  a  scattered  electron  is 
detected.  But,  coincident  experiments,  in  which  emitted  particles 
are  detected  in  coincident  with  the  scattered  electron,  are  difficult 
to  be  performed  because  of  bad  accidental  coincident  rate  (which 
is  inversely  proportional  to  the  duty  factor).  Electron  beams  with 
high-current  and  nearly  l(X)%-duty-factor  are  essential  for  such 
experiments.  A  linac- stretcher  combination  of  a  conventional 
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electron  linac  and  a  pulse  stretcher  ring  is  one  of  the  most 
promising  solutions. 

The  Pohang  Accelerator  Laboratory  (PAL)  has  recently 
completed  the  2-GeV  synchrotron  radiation  source  named  the 
Pohang  Light  Source  (PLS).  The  PLS  will  serve  as  a  low- 
emittance  light  source  for  various  research  such  as  basic  science, 
applied  science,  and  hdustrial  and  medical  applications  [1].  There 
is  a  2-GeV  linear  accelerator  as  a  full  energy  injector  to  the  PLS. 
The  prime  mission  for  providing  electron  beams  to  the  storage  ring 
requires  a  few  minutes  for  each  injection  and  a  few  times  per  day 
when  the  PLS  is  under  the  normal  operation.  Hence,  we  can  utilize 
the  high  energy  electron  beams  of  various  energies  for  nuclear 
physics  and  other  branches  of  basic  and  applied  sciences.  There 
are  also  increasing  demands  on  the  nuclear  physics  experiments 
using  the  PLS  linac  by  many  nuclear  physicists  in  Korea  [2].  The 
low  duty-factor  of  present  electron  linac  makes  electron  scattering 
experiments  difficult.  Such  motivations  encourage  us  strongly  to 
design  a  pulse  stretcher  at  the  Pohang  Accelerator  Laboratory. 

The  future  expansion  of  the  PLS  2-GeV  linac  has  been  fully 
exploited  during  the  site  planning  period  in  1990.  So  the  site  of  the 
stretcher  ring  and  the  extension  of  the  beam  transport  line  to  the 
stretcher  have  been  well  considered  as  shown  in  Fig.  1  with  other 
expansion  plans.  There  is  even  a  branch  tunnel  of  about  5-m  long 
at  the  end  of  the  linac  tunnel  in  order  to  minimize  the  PLS 
operation  from  the  construction  of  the  stretcher  ring  if  such  a  plan 
approved. 

11.  STRETCHER  DESIGN 

There  are  several  pulse  stretcher  rings  under  operations,  and 
also  several  proposals  to  build  them  [3].  In  the  PAL  stretcher  ring, 
we  fix  the  energy  to  2-GeV  since  our  injector  linac  provides  2-GeV 
beams.  We  also  fix  the  repetition  rate  to  120  Hz  because  all 
modulators  are  designed  to  operate  at  maximum  120  Hz. 
Otherwise,  increasing  the  repetition  rate  will  require  significant 
modifications  to  the  modulators  and  high-power  RF  loads. 

Usually,  the  stretcher  ring  requires  a  fast  radiation-damping 
time  to  have  a  smaller  energy  spread  for  extracted  beams.  To  have 
fast  dairying  time,  we  need  a  higher  magnetic  field  in  the  bending 
magnets.  This  gives  a  smaller  circumference  ring  which  is  less 
costly.  If  the  repetition  rate  is  high,  there  is  not  enough  time  for  the 
radiation  damping.  This  restriction  demands  a  smaller  energy 
spread  for  the  injection  beam  from  the  linac,  which  is  also  difficult 
to  achieve.  Instead,  if  we  reduce  the  repetition  rate  low  enough, 
then  we  have  to  keep  a  larger  stored  beam  current  in  the  stretcher 
before  the  beam  is  fiilly  extracted.  Otherwise,  the  extraction  current 
will  be  reduced.  Maintaining  a  large  current  in  the  stretcher  ring 
may  raise  various  beam  instabilities  or  simply  impossible  due  to 
the  RF  bucket  limit.  For  100%  duty  factor,  it  may  give  a  poor 
energy  spread  for  the  first  part  of  the  extracted  beam  unless  the 
injected  beam  has  an  excellent  energy  spread. 
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Fig.  1:  Site  Layout  of  Pohang  Accelerator  Laboratory 

Such  demands  are  sometimes  self-conflicted,  so  we  have 
chosen  important  parameters  of  the  PAL  stretcher  ring  listed  in 
Table  1.  The  lattice  of  the  PAL  stretcher  ring  is  shown  in  Fig.  2, 
and  its  beta  functions  are  shown  in  Fig.  3. 

There  will  be  two  beam  exits;  one  for  coincident  experiments 
and  the  other  for  photon  tagging  experiments.  The  beam  extraction 
will  be  made  by  slow  excitations  using  sextupoles. 

III.  LINAC  UPGRADE 

In  order  to  provide  such  electron  beams,  we  need  to  improve 
the  present  PLS  2-GeV  linac  quite  significantly.  First  of  all,  we 
have  to  deliver  the  number  of  electrons  at  least  100  (even  1 ,000) 
times  more.  We  have  to  face  significant  beam  loading  effects 
and/or  beam  breakups.  There  must  be  several  ways  to  compensate 
the  energy  spread  such  as  a  chicane  or  frequency- shifted  energy 
spread  compressions  [4].  Furthermore,  it  may  require  to  install 
wigglers  in  the  stretcher  ring  for  faster  radiation  damping.  At 
present,  we  use  10  pulse  compressors  to  accelerate  the  electron 
more  effectively  to  2-GeV,  Such  pulse  compressors  can  not 
provide  4  |xs  flat-top  pulses  to  accelerate  the  electron  beam 
uniformly.  There  is  a  15-m  long  space  at  the  end  of  the  linac  to 
extend  the  2-GeV  linac  if  a  higher  energy  beam  is  required.  At 
present,  this  space  is  a  part  of  the  beam  transport  line  to  the  storage 
ring.  When  we  install  one  more  klystron  and  4  accelerating 
columns  in  this  space,  we  can  get  the  2-GeV  beams  without  using 


pulse  compressors.  Regardless  of  the  PAL  stretcher  project,  this 
upgrade  plan  will  be  carried  out  in  1996-1997  period  to  provide 
the  2-GeV  beams  for  more  secure  operation  of  the  Pohang  Light 
Source. 

It  is  also  required  to  reduce  the  beam  loss  during  the 
acceleration  in  order  to  improve  injection/extraction  efficiency  in 
the  stretcher  ring  and  also  to  avoid  extremely  high  radiation  level. 


Table  1:  Major  parameters  for  PAL  stretcher  ring. 


Beam  Energy 

2-GeV 

Circumference 

241.5  m 

Lattice  Type 

FODO 

Symmetry 

2  (racetrack  type) 

Bending  Magnet 

Number 

64  sets 

Bending  Angle 

5.625“ 

Magnetic  Field 

0.7  T 

Length 

1.0  m 

Curvature 

10.19  m 

RF  Frequency 

2,856  MHz 

Harmonic  Number 

2,300 

Repetition  Rate 

60/120  Hz 

Revolution  Time 

0.81 

Extraction  Current 

100  laA 

Injection  Current 

3.25  [is  X  400  mA 

Duty  Factor 

0.78 

Injection 

multi-turn 

Energy  Spread  (injection) 

<0.1  % 

Energy  Spread  (extraction) 

•f/-  0.02  % 
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Fig.  3:  Beta  functions  of  the  PAL  stretcher  ring. 
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Abstract 

The  Advanced  Photon  Source  (APS)  is  a  third-generation 
synchrotron  facility  built  to  generate  extremely  powerful  x- 
rays.  x-ray  absorbers  in  the  APS  dipole  vacuum  chambers, 
known  as  crotch  absorbers,  are  subjected  to  a  very  high  power 
density  of  750  Watt/mm^  at  300  mA  of  beam  current.  In  the 
compact  design  of  the  APS  crotch  absorbers,  this  high  heat  load 
is  handled  by  a  combination  of  optimized  geometry,  fins  for 
power  dispersion  and  cooling  efficiency,  and  a  material  with 
high  fatigue  strength  (Glidcop).  The  basic  design  and  the  re¬ 
sults  of  detailed  thermomechanical  finite  element  analysis  are 
presented  in  this  paper. 

L  INTRODUCTION 

Each  of  the  bending  magnets  of  the  APS  storage  ring 
emits  a  horizontal  x-ray  fan  of  78.5  mrads  with  a  power  density 
of  750  Watt/mm^  at  300  mA.  Only  1.8  mrad  of  this  fan  is  ex¬ 
tracted  to  the  beamline.  The  remaining  fan  is  intercepted  by  a 
string  of  water-cooled  absorbers  in  order  to  protect  the  vacuum 
components.  A  crotch  absorber  located  at  the  downstream  end 
of  the  dipole  vacuum  chamber  intercepts  most  of  these  x-rays. 
With  a  source  distance  of  approximately  1.8  m,  the  vertical 
x-ray  beam  size  at  the  crotch  absorber  is  0.2  mm  at  normal 
incidence.  This  results  in  a  vertically-integrated  linear  power 
density  of  145  w/mm,  which  is  too  high  for  the  conventional 
water-cooled  copper  absorbers.  One  approach  to  deal  with  this 
extreme  power  density  is  to  use  a  beryllium  diffuser  brazed  to 
the  copper  absorber  [1].  The  beryllium  diffuses  the  x-ray  power 
by  absorbing  softer  x-rays  through  its  thickness,  thus  spreading 
the  heat  load  over  a  larger  volume.  The  earlier  APS  crotch  ab¬ 
sorber  designs  [2,3]  were  based  on  this  concept.  In  addition, 
Glidcop  [  4  ]  was  used  for  the  absorber  body  instead  of  OFHC 
copper,  because  Glidcop  has  high  fatigue  strength  at  elevated 
temperatures.  However,  these  designs  were  found  to  be  diffi¬ 
cult  to  implement  in  production  because  of  unreliable  braze 
joints  between  beryllium  and  Glidcop.  In  the  present  design, 
which  has  been  used  successfully  for  the  fabrication  of  all 
crotch  absorbers,  the  use  of  beryllium  as  a  diffuser  has  been 
eliminated. 

II.  BASIC  DESIGN 

The  present  crotch  absorber  (see  Figure  1)  has  two  dis¬ 
tinct  features:  a  central  nose  region,  and  two  side  wings.  Each 
of  the  side  wings,  as  well  as  the  nose,  intercepts  approximately 
4  kilowatts  of  beam  power.  The  side  wings  are  inclined  to  the 
incident  beam  by  approximately  20  degrees.  This  reduces  the 
linear  power  density  and  the  resulting  temperature  rise  in  the 
*Work  supported  by  U.S.  DOE  Office  of  Basic  Energy  Sciences  under  Con¬ 
tract  No.  W-31-109-ENG-38. 


wings  by  66  percent.  The  absorber’s  nose  is  inclined  vertically 
by  1 1  degrees,  which  spreads  the  beam  power  vertically.  How¬ 
ever,  since  the  initial  beam  size  at  normal  incidence  is  very 
small  (0.2  mm  vertically),  the  advantage  of  vertical  inclination 
is  not  significant.  At  300  mA,  the  temperature  rise  in  the  nose 
region  would  be  350  °C  which  is  unacceptable  for  Glidcop  un¬ 
der  thermal  cycles. 


Hot  spots 


A  new  approach  is  used  to  spread  the  beam  power  more 
effectively  in  the  nose  region.  In  this  approach,  illustrated  in 
Figure  2,  vertical  fins  are  machined  on  the  Glidcop  surface, 
which  split  the  beam  footprint  into  two  parts.  The  first  part  is 
intercepted  by  the  fins,  whereas  the  second  part  is  intercepted 
by  the  grooves  between  the  fins.  At  the  1 1-degree  angle  of  in- 
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cidence,  the  separation  between  the  two  beam  intercepts  is  8 
mm.  Since  the  water  channels  are  only  about  5  mm  away  from 
the  surface,  this  separation  reduces  the  surface  temperature  rise 
considerably  (see  below).  The  beam  power  can  be  distributed 
even  more  effectively  by  using  V-shaped  fins.  However,  for  the 
present  beam  power,  the  V-shaped  fins  are  not  needed  and  are 
not  used  in  order  to  reduce  the  machining  cost. 

Internal  fins  are  also  used  inside  the  water  channels  of  the 
absorber  to  enhance  the  heat  transfer.  The  water  channels  and 
the  internal  fins  are  made  by  EDM  (electric  discharge  machin¬ 
ing)  to  meet  an  important  design  criterion  of  avoiding  water- 
to-vacuum  joints.  The  Glidcop  body  is  brazed  to  an  OFHC  cop¬ 
per  plug,  which  directs  the  water  flow,  and  a  stainless  steel 
cylinder,  by  which  the  absorber  is  attached  to  a  Conflat  flange. 
All  brazing  is  done  in  a  vacuum  furnace  with  50-50  gold- 
copper  alloy.  Further  details  on  the  absorber  design,  fabrica¬ 
tion,  and  brazing  are  given  in  [5]. 

Ill  TEMPERATURE  RISE 

Finite  element  models  were  constructed  to  determine  the 
temperature  rise  and  stresses  in  the  crotch  absorber.  Only  the 
results  for  the  nose  region,  where  the  temperature  rise  and 
stresses  are  highest,  are  presented  here.  For  the  thermal  analysis 
only  a  representative  strip  of  the  absorber— consisting  of  two 
external  fins,  one  water  channel,  and  one  internal  fin— was 
modeled.  A  film  coefficient  of  1.5  Watt/(cm^  °C)  was  used 
based  on  a  7.5  gallon/minute  (GPM)  water  flow  in  the  cooling 
channels. 


Figure  3.  Temperature  Rise  Contour  in  the  Nose  Region 


The  temperature  contours  are  shown  in  Figure  3.  In  the 
two  spots  where  the  beam  is  intercepted,  the  temperature  rises 
by  270°  C.  The  isotherms  in  the  figure  show  spreading  of  the 
beam  power  due  to  the  external  fins.  At  the  cooling  channels, 
the  maximum  temperature  rise  is  approximately  135°  C,  and 
the  heat  flux  is  2  Watt/mm^,  both  of  which  are  well  below  the 
critical  boiling  conditions.  If  no  external  and  internal  fins  are 
used,  then  the  maximum  temperature  rises  at  the  fins  and  the 
cooling  channels  are  350  and  145  °  C,  respectively. 


IV.  STRESS 

The  fins  in  the  absorber  body  also  help  in  reducing  the 
pressure  stresses  from  the  cooling  water  at  150  psi.  Moreover, 
the  pressure  stresses,  in  contrast  to  the  thermal  stresses,  are 
compressive  on  the  water  channel  side,  and  tensile  on  the  inci¬ 
dent  beam  side.  The  combined  effective  (von  Mises)  stress  is 
therefore  reduced  when  both  the  thermal  and  pressure  loads  are 
considered. 

Due  to  symmetry,  only  one-half  of  the  nose  section  was 
modeled.  Figure  4  shows  the  von  Mises  stress  contours  in  this 
3-D  model.  As  expected,  the  two  spots  where  the  beam  is  in¬ 
tercepted  experience  the  highest  stress  with  a  magnitude  of 
about  20  ksi.  In  comparison,  the  yield  strength  and  tensile 
strength  of  Glidcop  are  55  ksi  and  65  ksi,  respectively  [6]. 


Figure  4.  Stress  Contour  in  the  Nose  Region 


V.  CONCLUSIONS 

The  basic  design  features  of  the  APS  crotch  absorber  have 
been  described,  and  analysis  results  have  been  presented  to 
show  the  effect  of  external  and  internal  fins  in  reducing  the 
temperature  rise  and  stresses  in  the  absorber.  The  compact  de¬ 
sign,  which  does  not  use  beryllium  as  an  x-ray  diffuser,  has 
been  shown  to  safely  handle  300  mA  of  beam  current. 
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Abstract 

A  method  of  colliding  beams  is  developed  to  study  the  funda¬ 
mental  properties  of  matter  in  two  directions.  The  first  direction 
is  aimed  at  achieving  higher  energies  allowing  the  discovery  of 
new  particles  and  fields.  The  goal  of  the  second  one  is  the  study  of 
more  delicate  fundamental  properties  of  quarks  and  fields  by  in¬ 
creasing  luminosity  in  crudely  studied  energy  ranges.  The  study 
of  CP  violation  is  the  most  famous  example.  To  study  the  CP 
violation  in  the  region  of  B-quarks,  the  project  of  a  B-factory  as 
an  asymmetrical  electron-positron  collider  with  a  beam  energy 
of  7/4  GeV  and  luminosity  up  to  was  developed 

at  BINR  During  the  development  of  this  project,  it  became  clear 
that  the  Institute’s  economical  situation,  which  grew  worse  in  the 
period  of  1990- 1993,  did  not  allow  us  to  carry  out  this  project  in  a 
reasonable  time.  Besides,  Japan  (KEK)  and  USA  (SLAC)  began 
to  build  the  B-factories.  Therefore,  it  is  hardly  probable  to  obtain 
any  new  results  on  the  third  B-factory.  On  the  other  hand,  a  beam 
energy  region  of  0.7-2.5  GeV,  which  still  is  very  interesting,  is  not 
studied  completely.  The  interest  in  this  field  of  research  is  due  to 
a  great  body  of  information  obtained  on  a  LEAR  facility  which 
is  utilized  to  study  proton-antiproton  annihilation  approximately 
in  this  energy  region.  Studying  the  cross-section  of  production 
of  observed  resonances  in  electron-positron  annihilation  notice¬ 
ably  increases  the  value  and  reliability  of  their  interpretation. 
In  1993,  as  a  result  of  discussions,  the  International  Program 
Committee  on  High-Energy  Physics  of  the  Ministry  of  Science 
recommended  to  reorientate  the  Novosibirsk  project  VEPP-5  into 
a  Tau-Charm-factory  with  high  luminosity  [1]. 


T-CHARM  FACTORY 
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L  Parameters  of  Colliding  Beams  and  Interaction 
Region 

The  beam  parameters  for  the  Tau-Charm-factory  should  sat¬ 
isfy  the  requirements  for  obtaining  a  maximum  high  luminosity 
of  1.010^cm“^.y“^  In  addition  to  the  maximum  luminosity 
regime,  it  is  planned  to  obtain  the  beam  parameters  required  for 
the  so-called  monochromatization  of  colliding  beams  and  polar¬ 
ized  colliding  ones.  To  work  in  these  regimes,  the  beam  emit- 
tance  control  systems  are  needed.  Thus,  to  obtain  the  monochro¬ 
matic  colliding  beams,  it  is  necessary  that  the  main  contribution 
to  the  vertical  size  be  made  by  energy  spread  at  the  interaction 
point  and  the  vertical  betatron  size  be  substantially  less.  To 
control  and  preserve  polarization,  rather  long  solenoids  with  a 
longitudinal  magnetic  field  are  required.  It  is  undoubtedly  im¬ 
possible  to  provide  simultaneously  all  these  regimes;  so,  regime- 
to-regime  transition  will  be  made  by  replacing  magnetic  elements 
in  straight  sections.  In  this  case,  the  contribution  of  half-rings 
into  emittances  should  be  as  small  as  possible.  The  maximum 
luminosity  of  the  facility  with  round  beams  is  determined  by  the 
expression 

Y  _  ^^maxY^max 

^max  —  >  (U 

reDmin(^l 

where  Nmax  is  the  maximum  number  of  particles  in  a  bunch; 
Dmin  is  the  interbunch  distance,  ^max  is  the  parameters  of  beam 
interaction;  is  the  classical  electron  radius;  y  =  Elmc^,  and 
or/  is  the  bunch  length  (sigma).  Assuming  that  aRF  system  is  used 
at  a  700  MHz  frequency  and  the  interbunch  distance  is  multiple 
to  the  RF  wave  length,  we  can  present  the  beam  parameters  for 
the  maximum  luminosity  in  Table.  1. 

In  the  energy  monochromatization  regime,  the  value  of  a  ver¬ 
tical  energy  dispersion  is  chosen  according  to  the  energy  spread. 
In  this  case,  the  value  of  monochromatization  is  determined  by 
the  ratio  of  the  vertical  betatron  size  and  the  vertical  energy  one. 

It  is  necessary  to  completely  reconstruct  the  experimental 
straight  section  to  obtain  the  ultra  monochromatic  colliding 
beams  cxm  ^  6  keV.  The  strong  quadrupoles  and  weak  dipoles 
should  be  used  for  beam  separation  and  control  of  the  vertical 
dispersion  function  at  the  interection  point.  The  length  of  such 
section  is  estimated  to  be  more  than  30  m.  The  beam  parameters 
in  this  case  are  presented  in  table: _ 


Number  of  particles  in  bunch 

1.510" 

Interbunch  distance  (m) 

16.28 

Beta-function  at  IP  (cm) 

20/2 

The  value  of  ^maxlHo 

0.05/0.01 

Beam  emittance  ^xl^y  (cm) 

lO-^*  /  lO-'' 

Beam  current  (A) 

0.4 

Energy  resolution  om  (keV) 

6 

Luminosity  (cm“^5'“‘) 

5.010^‘ 

The  Tau-Charm-factory  is  located  in  a  tunnel  with  a  3  x  3m^ 
cross-section,  whose  floor  and  ceiling  are  163  and  166  m  above 
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Energy  (Gev) 

2.1 

Circumference  (m) 

773.036 

Ring  radius  (m) 

89.63 

Interbunch  distance  (m) 

8.14 

Straight  section  lenght  (m) 

100 

Beam  radius  at  IP  (/x  m) 

33 

Number  of  rings 

2 

Number  of  bunches  per  beam 

95 

Number  of  particle  per  bunch 

2  X  10” 

b-function  at  IP  (cm) 

1 

Beams  emittance  ( e*  =  (y)  (cm/rad) 

10-5 

RMS  bunch  length  (cm) 

0.8 

Compaction  factor 

0.001  -r  0.0017 

Betatron  tune 

29.077 

Betatron  tune  Vy 

31.077 

Vertical  damping  time  (s) 

0.11 

RF  voltage  (kV) 

1000 

RF  frequency  (MHz) 

700 

Energy  loss  per  turn  (keV) 

100 

Energy  spread 

5  X  lO-'^ 

Harmonic  Number 

1805 

Tune  shift  parameter 

0.1 

Design  Luminosity 

10^ 

Table.  1 


the  sea  level,  respectively.  The  underground  room  consists  of 
two  half-rings,  89.58  m  in  radius,  and  straight  section  100  m 
long,  which  connects  the  half-rings.  In  this  case,  the  length  of 
an  ideal  orbit  is  773.036  m,  corresponding  to  1805  lengths  of  the 
RF  wave.  With  such  a  geometry,  each  19th  separatrises  contains 
a  particle  bunch;  in  all,  the  ring  has  95  bunches.  To  install  the 
injection  equipment  and  magnetic  systems  of  emittance  control, 
the  technical  gap  is  increased  up  to  3  x  5m}.  The  gap  should  be 
widened  to  the  side  of  injection  channels  so  that  to  have  1 .5  m  to 
the  inner  wall  and  3.5  m  to  the  external  one.  The  nearest-to-the- 
surface  point  of  the  tunnel  is  at  a  10  m  depth;  the  nearest-within- 
reach  point  is  the  bottom  of  a  technological  line,  which  is  168.6 
m  above  the  sea  level,  corresponding  to  a  ground  thickness  of  2.6 
m  above  the  ceiling  of  the  Tau-Charm-factory  tunnel.  At  present, 
the  tunnel,  200  m  long,  beginning  from  the  injection  complex  to 
a  shaft,  where  the  injection  channel  of  the  Tau-Charm-factory 
begins,  has  been  built.  In  the  nearest  future,  we  shall  begin  to 
build  the  channels  distributing  the  electron  and  positron  bunches 
into  an  injection  gap.  The  factory  is  built  by  the  firm  ’’Gomyak  at 
a  pace  depending  mainly  on  the  financial  possibilities.  Keeping 
the  pace,  we  shall  need  about  5  years  to  build  the  underground 
part. 


Length  (cm) 

Field  (kG) 

Gradient  (kG/cm) 

Quad 

40 

1.0631 

Gap 

30 

Dipole 

150 

1.042 

Gap 

30 

Quad 

40 

-1.0631 

Gap 

30 

Dipole 

150 

1.042 

Gap 

30 

Figure.  2.  Magnet  elements  of  periodicity  cell 


III.  Emittance  Control  Section 

To  control  emittance,  it  is  necessary  to  use  special  magnetic 
system  sections  where  the  magnetic  field  can  be  changed.  A  well- 
known  element  used  for  this  purpose  is  the  wiggler-magnet  which 
allows  us  to  noticeably  increase  the  energy  loss  for  radiation.  As 
a  rule,  the  -function  is  small  in  the  wiggler-magnet.  As  a  result, 
introducing  strong  decay,  the  magnet  does  not  give  a  considerable 
increase  in  the  emittance.  Let  us  consider  a  special  magnet  design 
which  gives  a  strong  dispersion  and  the  introducing  of  which 
will  significantly  increase  the  emittance.  The  equation  for  the 
i/f -function  has  the  form 

^  +  Gf  =  K  (2) 


11.  Element  of  Magnetic  System  Periodicity 

The  Tau-Charm-factory  magnetic  system  consists  of  two  stor¬ 
age  rings  located  over  each  other  and  intercrossing  at  the  in¬ 
teraction  point.  To  provide  collisions  of  longitudinally  polar¬ 
ized  beams,  spin  rotators  are  supposed  to  be  installed  in  the 
half-rings.  As  an  example  of  the  specific  magnetic  system,  we 
present  a  simple  system  which  consists  of  a  dipole  magnet,  1.5 
m  long,  with  a  field  of  1024  G  and  quadrupole  lenses,  each  has 
a  0.4  m  length,  whose  parameters  are  given  in  detail  in  table  : 


In  a  smoothed  approximation,  in  the  case  where  the  phase  is 
assumed  to  be  constant  along  the  magnetic  gap  and  the  dipole 
magnetic  field  to  be  modulated  by  the  resonance  frequency,  the 
amplitude  of  the  -function  beats  increases  linearly.  To  obtain 
the  necessary  emittance  under  these  conditions,  the  length  of 
such  a  section  should  be  several  tens  meters.  At  the  point  where 
xj/  is  maximum,  the  wiggler-magnet  controlling  the  emittance 
value  in  the  given  direction  is  placed.  For  two  rings,  the  electron 
and  positron  ones,  we  need  four  sections  with  wiggler-magnets 
to  independently  tune  the  beam  emittances. 


Figure.  3.  Insertion  of  the  ^-function  control 


IV.  Interaction  Region 

The  most  interesting  possibility  of  obtaining  the  maximum 
luminosity  is  the  setting  up  of  the  interaction  point  with  a  small 
-function  using  a  strong  longitudinal  field  (9.6  T  and  2.18  m 
long).  Possessing  symmetrical  focusing  in  both  directions,  such 
a  system  satisfies  the  idea  of  operation  with  round  beams  and 
can  allow  us  to  obtain  the  parameters  for  a  space  charge  ^  > 
0.1.  The  main  problem  in  setting  up  the  interaction  point  is 
a  necessity  of  electrostatic  beam  separation.  The  total  length 
of  separation  plates  with  a  field  of  100  kV/cm  is  2  m.  They  are 
located  at  the  point  where  the  j8-function  value  is  high,  presenting 
the  difficulties  in  providing  the  coherent  beam  stability.  A  steady 
obtaining  of  a  powerful  electrical  field  under  the  conditions  of 
synchrotron  irradiation  of  the  separation  plates  is  also  a  rather 
serious  problem.  It  is  planned  to  carry  out  experiments  on  VEPP- 
2M  for  producting  on  extremely  high  field  strength  under  the 
synchrotron  light. 


V.  Conclusion 

The  construction  of  the  Tau-Charm-factory  under  the  existing 
economic  conditions  in  Russia  is  not  a  simple  problem.  However, 
the  successful  completion  of  this  project  will  allow  us  to  enter 
the  third  millenium  with  an  interesting  machine  which  the  world 
scientific  community  needs  to  acquire  fundamental  knowledge. 
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ABSTRACT 

Improvement  of  beam  availability  is  a  prime  objective  of 
the  present  LANSCE  (Los  Alamos  Neutron  Scattering  Center) 
Upgrade.  A  RAMI  (reliability,  availability,  maintainability, 
and  inspectability)  program  is  being  developed  to  identify  the 
most  cost-effective  improvements  to  achieve  the  availability 
goal.  The  beam-delivery  system  is  divided  into  subsystems 
appropriate  for  the  modeling  of  availability.  The  availability 
of  each  subsystem  is  determined  from  operation  data  and 
assessment  of  individual  component  designs.  These 
availability  data  are  incorporated  in  an  availability  model  to 
predict  the  benefit  of  improvement  projects  to  achieve  cost- 
benefit  prioritization.  Examination  of  the  data  also  identifies  a 
comprehensive  list  of  factors  affecting  availability.  A  good 
understanding  of  these  factors  using  root-cause  analysis  is 
essential  for  availability  improvement.  In  this  paper,  we  will 
describe  the  RAMI  program  and  the  develpment  of  the 
availability  model. 

I.  INTRODUCTION 

Presently,  the  Los  Alamos  Meson  Physics  Facility 
(LAMPF)  is  undergoing  an  availability  upgrade  [1]  so  that  the 
accelerator  can  become  a  reliable  driver  for  the  Los  Alamos 
Neutron  Scattering  Center  (LANSCE).  The  availability  goal 
is  to  operate  LANSCE  at  100  \iA  with  better  than  85% 
availability  over  an  operation  period  of  eight  months  per  year. 
Because  the  typical  duration  of  neutron-scattering  experiments 
is  2-3  days,  it  is  important  to  keep  the  downtimes  longer  than 
8  hours  to  less  than  10%  and  those  longer  than  24  hours  to 
less  than  1%.  A  RAMI  (reliability,  availability, 
maintainability,  and  inspectability)  program  is  being  developed 
to  analyze  the  cost  effectiveness  of  the  upgrade.  It  can  be  used 
to  plan,  monitor,  predict,  and  improve  the  availability  of  the 
LANSCE  beam-delivery  system. 

The  RAMI  Program  is  also  being  used  to  plan  the 
maintenance  and  upgrade  of  LAMPF  in  the  next  five  years. 
The  purpose  is  to  systematically  replace  obsolete  and 
unreliable  equipment  from  the  LAMPF  beam-delivery  system 
so  that  the  Facility  can  extend  its  lifetime  for  another  20  years. 

RAMI  studies  have  been  carried  out  previously  at 
LAMPF.  In  the  late  70‘s,  a  RAMI  program  was  instituted  to 
bring  the  availability  from  65%  to  80%  [2].  The  system 
tracked  the  failures  of  equipment  and  the  epair  cost.  The 
program  was  later  terminate.  A  review  of  the  recent  RAMI 
studies  at  LAMPF  have  been  given  by  Macek  in  Ref.  3.  In 
1994,  a  pilot  project.  Development  of  a  Reliability, 
Availability,  Maintainability,  and  Inspectability  Model  for 
High-Power  Accelerators,  was  carried  out.  This  project 
concentrated  on  a  few  major  subsystems  of  the  LANSCE 
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beam-delivery  system  as  test  examples  of  the  RAMI  model 
[4].  The  work  described  in  this  paper  is  the  continuation  of 
the  recent  RAMI  studies. 

IL  RAMI  PROGRAM 

The  RAMI  Program  has  three  parts:  availability  model, 
root-cause  analysis,  and  maintenance  plan.  The  beam-delivery 
system  is  divided  into  subsystems  which  are  collections  of 
individual  components.  The  availability  model  uses  a  database 
that  contains  the  availability  data  of  all  the  components  to 
predict  the  overall  availability  of  the  beam-delivery  system  and 
the  subsystems.  The  commonly  used  assumptions  for  models 
can  be  found  in  Ref.  [3]  and  [5].  Predictions  should  reproduce 
the  observed  overall  system  availability  and  should  be  able  to 
predict  the  gain  in  overall  availability  and  cost  effectiveness  of 
improvements.  The  availability  model  will  also  be  used  to 
identify  the  low-availability  subsystems  so  that  a  root-cause 
analysis  can  be  done  on  the  subsystems.  The  root-cause 
analysis  is  an  indepth  analysis  of  specific  failures  which 
contribute  to  understanding  of  failures  and  suggest 
improvements.  Analysis  of  the  frequency  of  failure,  repair 
times,  and  the  consequences  will  aid  in  the  development  of  an 
effective  maintenance  plan. 

II.  AVAILABILITY  MODEL 

The  database  used  by  the  availability  model  is  assembled 
by  first  listing  all  the  components  in  the  LANSCE  beam- 
delivery  system.  Examples  of  components  are  power  supplies, 
klystrons,  and  beam-position  monitors.  Components  with 
similar  location  and  purpose  along  the  beam-delivery  system 
are  grouped  into  subsystems.  They  are  grouped  with  enough 
components  to  have  sufficient  availability  statistics. 
Examples  of  subsystems  are  injector,  PSR  (Proton  Storage 
Ring),  and  Neutron  Production  Target.  Components  are  also 
assigned  function  designators  according  to  their  functions. 
Examples  of  function  designators  are  magnet,  water,  and 
vacuum.  Both  subsystem  and  function  designators  are  used  in 
sorting  database  information  to  conform  with  the  functions  of 
maintenance  groups  and  with  subsystems  based  on  a  single 
design  concept.  For  example,  one  can  easily  find  the 
availability  of  the  water  system  in  PSR  by  selecting  all  the 
components  that  have  subsystem  designator  of  PSR  and 
function  designator  of  water  and  summing  their  availabilities. 

After  listing  all  the  components,  availability  data  of  these 
components  were  collected.  These  availability  data  are  in  the 
form  of  MTF  (mean  time  to  failures)  and  MTR  (mean  time  to 
repairs).  They  are  based  on  failure  rates,  manufacturer's  data, 
and  estimates  by  experts.  At  this  point,  the  assembly  of  the 
database  is  complete  and  predictions  of  availability  of 
subsystem  can  be  made  in  conjunction  with  assumptions  made 
in  the  availability  model. 

The  present  availability-model  database  for  the  LANSCE 
beam-delivery  system  has  a  total  of  385  component  types 
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separated  into  nine  sybsystems.  Similar  components  ate 
counted  as  one  component  type.  These  components  are 
separated  into  nine  subsystems.  Subsystem  names  are  given 
in  Table  1.  There  are  14  function  designators  (Table  2). 

Table  1:  List  of  subsystems  in  the  LANSCE 

beam-delivery  system 


Injector  Sector  A  Sector  B-H 

Switchyard  Area  A  Line  D 

PSR  Target  WNR 

Table  2:  List  of  functions  in  the  LANSCE  beam- 
delivery  system 

Aperture  Beamline  Control/data 

Diagnostic  Facility  Magnet 

RF  Safety  Source 

Structure  Timing  Vacuum 

Wato*  Misc. 


The  availability  model  can  be  benchmarked  by  comparing 
its  availability  prediction  with  observed  availability  for 
subsystems.  The  observed  availabilities  of  subsystems  are 
provided  through  operation  logs  where  operators  record  the 
times  and  causes  of  component  failures  and  repairs.  In  the 
present  format,  the  availability-model  subsystem  and  function 
designators  have  been  chosen  to  correlate  with  the  operators 
log  for  ease  of  comparison.  Figure  1  shows  the  observed 
distribution  of  time-between-failures  for  subsystems  injector 
and  Sector  A  during  the  operation  in  1994.  These  data 
Vised  to  derive  the  availability,  MTF,  and  MTR  for  the 
subsystems. 


Figure  1:  Distribution  of  time-to-failure  for  the  LAMPF 


injector  and  Sector  A  of  the  linac 

The  PSR  Pulsed  Power  System  has  been  studied  before 
using  an  availability  model  and  is  described  here  as  an  example 
[6].  The  complete  system  was  divided  into  four  subsystems: 
switchyard  kicker  magnets  (LDKIs),  PSR  injection  linekicker 
magnet  (RIKI),  the  2.8  MHz  RF  beam  buncher  (SRHM),  and 


the  electromagnetic  extraction  kickers  (SRFK).  Table  3  shows 
the  part  of  the  database  used  for  RIKI.  The  availabilities 
predicted  using  the  database  for  the  subsystems  and  complete 
system  were  compared  to  observed  availabilities  from  operators 
logs  (Table  4).  Results  showed  that  the  prediction  of  the 
availability  model  is  within  2%  of  the  observed  availability. 

III.  ROOT-CAUSE  ANALYSIS 

The  availability  model  and  the  observed  data  can  identify 
the  low-availability  subsystem.  A  root-cause  analysis  is 
needed  to  identify  the  failure  modes  so  that  improvements  can 
be  made.  These  improvements  include  a  better  design, 
preventive  maintenance,  and  monitoring  programs.  Assuming 
these  improvements,  new  MTF  and  MTR  data  can  be  generated 
and  used  in  the  availability  model  to  predict  the  improved 
availability.  Examples  of  Root-Cause  Analysis  can  be  found 
in  Ref.  [3]. 

IV.  MAINTENANCE  PLAN 

Maintainability  and  inspectability  will  be  addressed  with 
maintenance  plan.  Regular  monitoring  and  maintenance  are 
needed  to  reduce  failure  and  downtime.  In  an  older  facility  like 
LAMPF,  a  sustained  replacement  program  is  also  needed  for 
equipment  that  is  reaching  the  end  of  its  useful  lifetime. 
Because  of  budgetary  constraints,  the  replacement  program  is 
not  in  place  yet.  A  conscious  effort  has  been  made,  instead,  to 
keep  an  inventory  of  spare  parts  of  long-downtime 
components.  A  record  of  these  spare  parts  will  be  incorporated 
in  the  availability-model  database.  The  availability-model 
database  will  examined  to  identify  components  whose  failures 
are  eminent  or  whose  failures  have  high  consequences.  In  the 
future,  component  maintainability,  monitoring,  and 
inspectability  will  also  be  incorporated  in  the  designs  of 
components. 

V.  SUMMARY 

RAMI  analysis  is  currently  being  applied  to  the  LANSCE 
beam-delivery  systems.  Previous  studies  and  use  of  this 
analysis  at  LAMPF  have  shown  that  it  can  be  a  useful  tool  for 
determining  the  best  assignment  of  budget  and  resources  to 
provide  maximum  beam  availability.  The  current  work  has 
established  a  RAMI  model  of  the  entire  LANSCE  beam- 
delivery  system,  based  on  individual  components  and  their 
availability  histories.  The  model  will  be  used  to  predict  the 
impact  on  availability  of  the  LANSCE  beam-delivery  upgrades 
currently  in  progress  and  can  be  used  to  determine  the  effect  of 
any  future  improvements.  Components  or  systems  with  the 
probability  for  high  consequence  failure  can  be  identified  by 
the  model  database  and  root-cause  analysis  can  be  applied  to 
the  failure  modes.  Steps  can  then  be  taken  to  avoid  or 
minimize  beam  downtime  due  to  failures  of  these  components 
and  systems.  The  model  database  will  also  be  used  to  develop  a 
maintenance  plan  which  will  provide  adequate  spares,  timely 
replacement,  and  preventative  maintenance  for  il  beam  line 
components.  The  end  result  of  this  effort  should  be  improved, 
cost-effective  beam  availability  for  LANSCE  users  over  both 
near  and  long  terms. 
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Table  3;  Availability-Model  Database  for  JUKI 


Subsystem 

Component 

Function 

MTF  (days) 

MTR  (h) 

Spares 

Avail. 

pg=i 

Magnet: 

PSR 

Magnet  current  connections 

magnet 

20000 

6 

Parts 

0.999988 

PSR 

Coils 

magnet 

10800 

340 

1 

0.998690 

PSR 

Charging  system: 

PSR 

PS, Sorenson  OCR  600-8T 

magnet 

3600 

4 

1 

0.999954 

PSR 

PS,  Christie  1C015-600EBBX4S 

magnet 

3600 

8 

some  parts 

0.999907 

FSR 

Modulator: 

PSR 

Resonate  Charge  SCR 

magnet 

3600 

8 

3 

0.999907 

PSR 

Zener  Diode  Assembly 

magnet 

1000 

5 

3 

0.999792 

PSR 

Charge  Recover  SCR 

magnet 

3600 

8 

3 

0.999907 

Freewheel  SCR 

magnet 

3600 

8 

3 

0.999907 

PSR 

Transfer  Chassis 

magnet 

1800 

1  6 

0 

0.999630 

PSR 

Controls  and  interlocks: 

PSR 

RIKI01  Run  Permtt 

safety 

3600 

1 

Parts 

0.999988 

PSR 

NIM  Crate 

safety 

1800 

8 

Parts 

0.999815 

FSR 

Short  Nim  Crate 

safety 

1800 

8 

Parts 

0.999815 

PSR 

Computer  Interface: 

PSR 

CAMAC 

control/data 

7300 

4 

? 

0.999977 

Sub.  Avail 

0.997280 

Table  4:  Comparison  of  observed  availability  and  availability  predicted  with  availability 
model.  All  availabilities  are  in  percentages. 


LDKI 

RIKI 

SRHM 

SRFK 

Total 

Observed 

99.1 

98.8 

96.5 

97.8 

92.4 

Predicted 

97.7 

99.7 

98.6 

98.4 

94.6 
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ACCELERATOR  WAVEFORM  SYNTHESIS  AND  LONGITUDINAL 
BEAM  DYNAMICS  IN  A  SMALL  INDUCTION  RECIRCULATOR* 


TJ.  Fessenden,  Lawrence  Berkeley  Laboratory 
D.P.  Grote  and  W.M.  Sharp,  Lawrence  Livermore  National  Laboratory 


SUMMARY 

A  recirculating  induction  accelerator  requires 
accelerating  waveforms  that  produce  current  amplification 
and  provide  bunch  length  control  throughout  the 
acceleration  process.  Current  amplification  occurs  because 
of  both  an  increase  in  the  beam  velocity  and  a  shortening  of 
the  length  of  the  beam  bunch.  The  pulsed  acceleration  and 
control  waveforms  seen  by  the  beam  change  as  the  pulse 
duration  shortens.  For  one  acceleration  cycle  of  the  small 
recirculator,  each  accelerating  gap  is  driven  by  a  burst  of 
15  pulses.  As  the  beam  gains  velocity,  the  time  interval 
between  pulses  shortens  from  approximately  20  to  10  psec. 
A  zero-dimensional  design  code  REC  is  used  to  develop 
the  accelerator  waveforms.  An  envelope/fluid  code  CIRCE 
and  a  3-D  particle  code  WARP3d  are  used  to  confirm  the 
REC  design  and  study  the  effects  of  errors.  We  find  that 
acceleration  errors  can  lead  to  space-charge  waves 
launched  at  the  bunch  ends  that  strongly  affect  or  even 
destroy  the  current  pulse  shape.  The  relation  between  the 
rate  of  longitudinal  compression  and  the  velocity  of  space 
charge  waves  is  studied 

INTRODUCTION 

To  serve  as  a  heavy-ion  accelerator/driver,  a 
recirculator  must  operate  at  much  larger  currents  than 
common  in  existing  circular  accelerators.  In  order  to 
minimize  collective  particle  effects,  all  acceleration  must 
occui  very  rapidly— within  a  very  few  turns  («  100).  As  in 
a  linac,  longitudinal  bunch  control  must  be  supplied  by  the 
accelerating  waveforms  and  current  amplification  during 
acceleration  must  be  maintained.  Much  of  the  basic 
accelerator  physics  and  beam  manipulations  of  an 
induction  recirculator  can  be  examined  in  a  “proof-of- 
principal”  experiment.  The  companion  paper  of  Friedman 
et  al  [1]  at  this  conference  describes  a  small  experiment 
that  is  being  assembled  at  the  Lawrence  Livermore 
National  Laboratory*  to  demonstrate  many  of  the 
fundamental  principles  of  this  type  of  accelerator.  This 
paper  describes  the  development  of  the  acceleration 
waveforms  for  this  experiment  along  with  physics  studies 
of  beam  behavior  under  different  acceleration  scenarios. 

The  small  recirculator  design  contains  20  full  lattice 
periods  each  72  cm  long  that  form  a  ring  approximately 
4  m  in  diameter.  Transverse  focusing  is  provided  by 
permanent  magnet  quadrupoles,  and  bending  is  supplied  by 
electric  dipoles.  The  reference  design  accelerates  2  mA  of 

from  an  energy  of  80  kV  to  320  kV  and  a  final  current 
of  8  mA.  Acceleration  occurs  over  15  laps  in  a  time  period 


*  Work  performed  under  auspices  of  U.S.  DoE  by 
LLNL  and  LBL  under  contract  W-7405-ENG-48  and  DE- 
AC03-76SF00098. 


of  approximately  230  |Lis.  Current  amplification  results 
from  both  a  doubling  of  the  pulse  speed  and  a  halving  of 
the  bunch  length  during  acceleration.  Of  the  40  half  lattice 
period  in  the  ring,  four  will  be  used  for  beam  insertion  and 
extraction  and  36  will  have  gaps  for  applying  the 
accelerating  and  longitudinal  control  waveforms  (ears). 

COMPUTER  CODES 

We  have  employed  three  different  codes  for 
developing  the  reference  accelerating  and  control 
waveforms  for  the  experiment.  The  first,  REC,  is  a  zero 
dimensional  synthesis  code  that  is  useful  for  obtaining 
initial  estimates  of  beam  parameters  and  timing  during 
acceleration.  The  REC  code  uses  the  acceleration 
procedure  developed  by  C.  Kim  and  L.  Smith  [2]  to 
generate  the  proper  waveforms  to  produce  self-similar 
current  amplification  over  the  accelerator  cycle. 
Transversely,  the  code  assumes  that  the  beam  is  completely 
dominated  by  space  charge  and  always  matched  to  the 
transport  lattice.  The  effects  of  space  charge  on  the 
longitudinal  beam  dynamics  are  ignored  The  code  also 
calculates  the  electric  dipole  waveforms  to  keep  the  beam 
on  axis  and  estimates  the  beam  size  at  head,  center,  and  tail 
during  acceleration  using  the  method  developed  by  Lee  et 
a/. [3].  The  waveforms  and  timing  data  from  REC  are  used 
as  input  to  the  CIRCE  and  WARP  codes. 

CIRCE  [4]  is  a  fast-running  macroscopic  beam- 
dynamics  code  that  uses  a  truncated  moment  or  "envelope" 
description  of  transverse  dynamics,  with  equations  for  the 
radii  and  the  centroid  co-ordinates  of  the  elliptical  beam. 
Equations  for  longitudinal  dynamics  are  obtained  by 
treating  the  beam  as  a  Lagrangian  fluid.  Proper  terms  are 
included  to  account  for  the  effects  of  image  forces,  beam 
emittance,  and  space  charge  in  the  limit  of  paraxial  motion, 
and  the  beam  is  focused  and  accelerated  by  a  user-specified 
lattice  of  electric  or  magnetic  dipoles  and  quadrupoles. 

For  these  calculations  the  waveforms  and  timing  data 
from  REC  are  used  to  start  the  code  and  the  longitudinal 
and  transverse  behavior  of  the  beam  in  the  recirculator  is 
examined.  In  this  paper,  a  particularly  simple  model  of  the 
beam  space  charge  was  used,  in  which  the  axial  electric 
field  averaged  over  the  beam  cross-section  is  proportional 
to  the  spatial  derivative  of  the  line-charge  density 
multiplied  by  a  logarithmic  "geometry"  factor. 

WARP3d  [5]  is  a  three-dimensional  particle-in-cell 
code  simulation  code  that  includes  a  framework  for 
specifying  a  lattice  of  accelerating  elements.  The  lattice 
elements  can  be  modeled  as  finite-length,  hard-edged 
elements  where  "residence  corrections"  are  done  to  ensure 
that  the  correct  impulses  are  given,  or,  for  electric 
elements,  can  be  modeled  self-consistently  by  inclusion  of 
the  conductor  geometry  in  the  calculation  of  the  fields.  A 
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warped  coordinate  system  is  used  to  model  accelerator 
bends.  The  finite-length  accelerating  gaps  can  be  time 
dependent.  For  these  simulations,  the  hard  edged 
quadrupole  model  was  used  and  the  electric  dipole  bending 
plates  were  included  self-consistently. 


RECIRCULATOR  WAVEFORM  DESIGN 

Figure  1  shows  the  anticipated  self-similar  current 
waveforms  at  gap  5  for  each  of  the  15  turns  of  the  beam 
generated  by  the  REC  code  for  the  parameters  of  the  small 
recirculator.  Figure  2  shows  the  accelerating  waveforms  at 
gap  5  that  are  required  to  produce  the  current  waveforms 
shown  in  Fig.  1.  The  length  control  waveforms  (ears)  are 
not  shown.  The  first  waveform  applied  to  the  first  8  gaps  is 
essentially  triangular.  These  accelerate  the  bunch  tail  more 
than  the  head  and  establish  the  proper  velocity  ramp  for 
current  amplification.  The  remaining  280  ideal  waveforms 
(excluding  ears)  required  when  the  beam  is  present  in  each 
gap  are  essentially  rectangular. 


Fig  2.  Ideal  accelerator  waveforms  at  gap  5  for 
self-similar  current  amplification 

The  waveforms  that  control  the  beam  longitudinally 
are  presented  in  Fig  3.  These  were  calculated  with  CIRCE 
and  are  very  close  to  those  needed  to  confine  the  beam 
against  its  longitudinal  space  charge  and  axial  temperature. 


Time  is  measured  from  beam  center  so  that  both  the  firont 
and  back  "ears"  can  be  seen. 


At 

Fig.  3  Waveforms  from  CIRCE  needed  to  provide 
longitudinal  beam  control  for  this  design. 


totiltime 

Fig.  4  Dipole  bending  voltages  at  gap  5  for  the 
reference  acceleration  schedule 

The  voltage  versus  time  that  must  be  applied  to  each  of 
the  40  bending  dipoles  of  the  recirculator  for  the 
acceleration  schedule  presented  in  this  paper  are  shown  in 
Fig.  4.  The  curve  was  calculated  from  the  instantaneous 
energy  of  the  beam  center  as  it  passes  each  bending  dipole. 
This  algorithm  is  only  strictly  correct  for  acceleration 
schedules  that  preserve  the  bunch  length  during 
acceleration.  For  the  bunch-shortening  schedule  of  this 
paper  this  simplification  produces  an  error  of  <  0.2  %.  As 
a  consequence  all  40  ben^ng  quadrupoles  may  be  powered 
from  the  same  supply  and  no  fine  tweaking  requiring  40 
separate  supplies  is  believed  necessary.  Also  shown  is  the 
timing  of  the  beam  for  the  15  passes  of  the  beam  past  gap 
5,  The  accelerator  pulses  must  be  carefully  synchronized 
to  the  beam  at  each  of  the  36  active  gaps.  As  the  beam 
gains  energy,  the  ideal  accelerator  pulse  duration  shortens 
as  shown  in  Figs.  1,  2,  and  3  and  the  interval  between 
pulses  decreases. 
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LONGITUDINAL  DYNAMICS 

The  CIRCE  and  WARP3d  codes  are  used  to  study 
effects  produced  by  errors  in  acceleration  schedules.  Fig  5. 
presents  an  example  in  which  compression  was  attempted 
by  only  applying  the  "ear"  control  waveforms  of  Fig.  3. 
That  is,  the  initial  triangular  waveforms  suggested  by  the 
REC  code  were  not  used  Strong  space  charge  waves  are 
generated  at  the  ends  of  the  beams  that  propagate  toward 
beam  center  and  double  when  they  collide  at  the  center.  As 
the  waves  separate  longitudinal  beam  heating  is  observed 
and  the  code  crashes  before  the  beam  completes  15  laps. 


Fig.  5  Beam  compression  using  only  axial  control 
waveforms  (ears).  The  beam  current  is  shown  in 
the  beam  frame  versus  time  and  acceleration 
distance. 


-6 

2.  10 


Fig.  6  CIRCE  calculations  of  Beam  compression 
using  the  compression  schedule  provided  by  REC. 

A  CIRCE  calculation  that  incorporated  all  the 
waveforms  and  timing  suggested  by  the  REC  code  is 
shown  in  Fig.  6.  This  compression  reasonably  reproduces 
the  self-similar  current  amplification  of  the  REC  code 


except  over  the  last  50  meters  of  acceleration.  WARP3d 
calculations  using  the  REC  waveforms  and  timing  and  the 
CIRCE  "ears"  of  Fig.  3  is  shown  in  Fig.  7.  Much  of  the 
noise  apparent  in  Fig.  7  is  numerical. 


Fig.  7  WARP3d  calculations  of  the  same 
compression  schedule  as  in  Fig.  6. 


CONCLUSIONS 

The  Kim-Smith  self-similar  current  amplification 
procedure  as  embodied  in  the  REC  code  provides  an  initial 
prescription  and  timing  data  for  developing  the  acceleration 
waveforms  needed  for  the  small  induction  recirculator. 
Such  a  procedure  is  necessary  for  maintaining  control  of 
the  current  waveform  over  acceleration  distances  that  are 
long  compared  with  the  length  of  the  bunch.  Moreover, 
bunch  length  compression  must  be  effected  by  waveforms 
that  act  over  the  entire  bunch  length. 

Results  from  the  WARP3d  and  CIRCE  codes  are  in 
good  qualitative  agreement.  However,  the  algorithm  used 
by  the  CIRCE  code  for  generating  the  waveform  control 
waveforms  ("ears")  used  in  these  simulations  was  not  quite 
adequate.  As  a  consequence,  neither  code  was  able  to 
preserve  the  self-similar  current  waveforms  over  the  entire 
acceleration  cycle.  Further  improvements  in  treating  the 
effects  of  space  charge  at  the  bunch  ends  have  been  made 
and  are  reported  in  Ref.  [6]. 
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The  U.S.  Inertial  Fusion  Energy  (IFE)  Program  is 
developing  induction  accelerator  technology  toward  the 
goal  of  electric  power  production  using  Heavy-Ion  beam- 
driven  inertial  Fusion  (HIF).  The  recirculating  induction 
accelerator  promises  driver  cost  reduction  by  repeatedly 
passing  the  beam  through  the  same  set  of  accelerating  and 
focusing  elements.[l]  We  present  plans  for  and  progress 
toward  a  small  (4.5-m  diameter)  prototype  recirculator, [2] 
which  will  accelerate  K"*"  ions  through  15  laps,  from  80  to 
320  keV  and  from  2  to  8  mA.  Beam  confinement  is 
effected  via  permanent-magnet  quadrupoles;  bending  is  via 
electric  dipoles.  Scaling  laws,  and  extensive  particle  and 
fluid  simulations  of  the  space-charge  dominated  beam 
behavior,  have  been  used  to  arrive  at  the  design.  An 
injector  and  matching  section  are  operational.  Initial 
experiments  are  investigating  intense-beam  transport  in  a 
linear  magnetic  channel;  near-term  plans  include  studies  of 
transport  around  a  bend.  Later  experiments  will  study 
insertion/extraction  and  acceleration  with  centroid  control. 

1.  RECIRCULATOR  CONCEPT 

A  recirculating  induction  accelerator  potentially  offers 
cost  reduction  relative  to  a  “conventional”  ion  induction 
linac.  The  overall  accelerator  length  is  reduced  (by  a  factor 
of  ~2-3,  to  about  3.6  km  in  the  “C-design”  recirculator  of 
Ref.  [1]  and  possibly  shorter),  and  the  accelerating  cores 
are  smaller  because  acceleration  can  be  slower.  Research 
on  recirculator  drivers  has  centered  on  four-beam  multi¬ 
ring  designs,  with  each  ring  augmenting  the  beam’s  energy 
by  an  order  of  magnitude  over  50  to  100  laps.  In  contrast 
with  most  HIF  induction  linac  concepts,[3]  the  recirculator 
designs  considered  to  date  do  not  employ  beam  merging. 
Hybrid  designs  (with  a  recirculator  at  the  low-energy  end) 
are  also  possible  and  may  prove  attractive. 

The  beam-dynamics  issues  which  must  be  resolved 
before  a  recirculating  driver  can  be  built  include  centroid 
control,  longitudinal  control,  avoidance  of  phase-space 
dilution  in  bends,  and  insertion/extraction  of  the  beam 
into/out  of  the  rings.  As  described  below,  these  can  be 
addressed  at  reduced  scale  in  a  small  prototype  recirculator. 
The  waveform  generators  in  a  driver  must  supply  variable 
accelerating  pulses  at  repetition  frequencies  -50  kHz,  and 
accurate  time-varying  dipole  fields  with  good  energy 
recovery.  These  requirements  are  challenging,  but  advances 
in  solid-state  power  electronics  should  make  it  possible  to 
meet  them  through  a  technology  development  program. 

*This  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  LLNL  and  LBL  under  contracts 
W-7405-ENG-48  and  DE-AC03-76SF00098. 


Present  technology  has  achieved  200  kHz  bursts  at  5  kV 
and  800  A  with  pulse  widths  of  0.5-2  ms,  but  with  a  non- 
variable  format.  [4]  Because  of  its  long  (-200  km)  beam 
path  length  and  the  fact  that  the  beam  repeatedly  visits  each 
section  of  the  beam  line,  a  recirculator  driver  will  require  a 
vacuum  of  -10“^^  to  10"^^  torr. 

IL  DESIGN  OF  SMALL  RECIRCULATOR 

LLNL,  in  collaboration  with  LBL,  Titan-Beta,  and 
EG&G,  is  currently  developing  a  small  prototype  ion 
recirculator.  This  “small  recirculator”  is  intended  to 
explore,  in  a  scaled  manner,  the  beam-dynamics  issues  in  a 
recirculating  driver  for  inertial  fusion  energy.  The  small 
recirculator  will  be  assembled  and  operated  as  a  series  of 
experiments  over  several  years’  time.  Fig.  1.  illustrates  the 
overall  physics  design  of  the  final  small  recirculator,  and 
lists  some  of  the  elements  which  must  all  work  together, 
both  in  it  and  in  a  full-scale  fusion  driver. 

The  small  recirculator  will  have  a  circumference  of 
14.4  meters,  a  3.5  cm  aperture  radius  (pipe  radius)  for  the 
beam  focusing  and  bending  elements,  and  a  half- lattice 
period  of  36  cm.  The  beam  will  be  transversely  focused 
with  alternating-gradient  permanent  magnet  quadrupoles 
with  a  field  of  -0.294  T  at  the  pipe  wall,  and  will  be  bent 


Fig.  1.  Overview  of  final  configuration  (scales  in  meters). 
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with  electric  dipole  deflector  plates.  These  quadrupoles  and 
dipoles  will  each  physically  occupy  about  30%  of  the  axial 
lattice  length,  and  the  fiill  recirculator  ring  will  consist  of 
40  half-lattice  periods,  including  two  using  special  large- 
aperture  quadrupole  magnets  through  which  the  beam  will 
be  inserted  and/or  extracted.  The  beam  ion  is  K"*"  (mass  39 
AMU),  and  the  beam  will  be  accelerated  from  an  initial 
particle  kinetic  energy  of  80  keV  to  320  keV  over  15  laps 
by  34  induction  cores.  The  initial  current  of  the  beam  will 
be  2  mA,  corresponding  to  a  line-charge  density  of 
0.0036  pC/m  and  characteristic  beam  radius  of  1.1  cm,  and 
the  initial  pulse  duration  will  be  4  |isec.  Also,  the  initial 
phase  advance  per  lattice  period  will  be  Cq  =  78°, 
depressed  to  a  =  16°  by  space  charge.  After  15  laps  of 
acceleration,  the  beam  current  will  have  increased  to  8  mA, 
with  a  corresponding  line-charge  density  of  0.00721  |aC/m, 
an  average  beam  radius  of  1.3  cm,  and  a  final  pulse 
duration  of  1  p,sec.  Also,  the  phase  advances  will  decrease 
to  00  =  45°  and  a  =  12°. 

Because  the  heavy-ion  beam  in  the  small  recirculator 
is  nonrelativistic  and  accelerating,  the  variable- format 
waveforms  required  to  accelerate  and  bend  the  beam  will 
require  repetition  rates  ranging  from  approximately  40  to 
90  kHz  at  the  initial  and  final  beam  energies. [5]  The 
voltage  pulses  for  the  electric  dipoles  must  be  correctly 
ramped  in  concert  with  the  changing  beam  energy.  Detailed 
“ear”  pulses  and  lap-to-lap  variation  of  the  pulse  duration 
and  shape  must  be  added  to  the  accelerating  waveforms  to 
maintain  or  decrease  the  beam  length.  In  order  to  switch 
the  beam  into  or  out  of  the  ring,  it  is  necessary  to  apply 
dipole  fields  that  vary  in  time.  Transverse  confinement  of 
the  beam  must  be  carried  out  during  the  insertion  or 
extraction  process.  The  design  we  are  developing  uses  a 
permanent-magnet  quadrupole  with  an  expanded  aperture. 

IIL  EXPERIMENT  PLANS 

Linear  experiments  now  getting  underway  will 
measure  space-charge-dominated  beam  quality  after 
transport  through  a  permanent-magnet  quadrupole  lattice, 
will  characterize  the  beam  prior  to  injection  into  the 
recirculator,  provide  a  test-bed  for  diagnostic  development 
and  afford  a  preliminary  assessment  of  the  role  of  electrons 
in  magnetic  beam  transport  (see  Fig.  2). 

The  next  experiments  will  study  beam  transport  around 


a  -90°  bend  (without  acceleration,  at  first).  Emittance 
growth  can  result  from  the  non-uniform  distribution  of 
beam  space-charge  resulting  from  the  action  of  centrifugal 
forces.  As  revealed  in  particle  simulations  using  WARP3d 
[6]  and  interpreted  theoretically  [7],  it  occurs  at  changes  in 
the  accelerator’s  curvature  where  the  distribution  of  beam 
particles  relaxes  toward  a  new  equilibrium.  Also,  the 
electric  dipoles  introduce  field  aberrations.  Detailed  3-D 
simulations  show  that  proper  shaping  of  the  dipole  plates 
should  render  the  beam  distortion  minimal.  In  the  small 
recirculator,  a  measurable  amount  of  emittance  growth  is 
expected  to  take  place  over  the  fifteen  laps,  mostly 
occurring  in  the  first  two  laps.[8] 

Later  experiments  will  study  insertion  and  extraction, 
acceleration  (at  first  in  a  partial  ring  to  facilitate 
measurement  of  the  beam  using  intercepting  diagnostics), 
beam  steering,  bunch  compression,  and  full  integrated 
operation  of  the  recirculator.  [2]  Preservation  of  a  small 
emittance  will  again  be  the  central  beam  physics  issue  to  be 
addressed. 

The  principal  non-intercepting  diagnostic  is  a 
segmented  capacitive  pickup  located  inside  the 
quadrupoles. [9]  Until  the  ring  is  complete  it  will  be 
possible  to  employ  intercepting  diagnostics.  As  currently 
planned,  the  ring  will  incorporate  two  extraction  sections 
180°  apart,  and  the  extracted  beam  can  be  diagnosed  with 
detailed  intercepting  diagnostics  twice  each  lap.  As  with 
earlier  linac  experiments  at  LBL,  excellent  shot-to-shot 
repeatability  is  anticipated  and,  so  far,  observed. 

The  long  beam  residence  in  the  machine,  up  to  (and 
possibly  exceeding)  300  full  lattice  periods,  will  provide  a 
unique  opportunity  to  observe  and  characterize  the 
longitudinal  propagation  of  space-charge  waves  along  the 
beam.  Such  waves  will  be  launched  (deliberately  or 
otherwise)  by  mismatching  the  applied  ear  fields.  The 
small  recirculator  will  afford  the  longest  beam  path  length 
of  any  near-term  facility,  and  so  will  be  able  to  explore 
issues  such  as  slow  thermalization  which  are  important  to 
both  recirculating  and  linear  drivers. 

IV.  STATUS  AND  INITIAL  RESULTS 

The  injector  diode[10],  matching  section,  and  straight 
experiment  have  been  fabricated  and  are  now  operating;  the 
layout  is  depicted  schematically  in  Fig.  2.  Fifteen 


Injector  Matching  section  Drift  section 

Fig.  2.  Linear  configuration  (overall  length  4.568  m  from  source  plate  to  final  Faraday  cup). 
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permanent-magnet  quadrupoles  have  been  procured;  seven 
will  be  used  in  the  straight  experiment  (a  shorter  line  will 
serve  as  the  link  from  matching  section  to  ring).  The 
mechanical  design  of  the  “half-lattice  period”  is  nearly 
complete.[ll] 

The  electrostatic-quadrupole  matching  section  gives 
the  circular  beam  from  the  diode  an  elliptical  cross-section, 
suitable  for  alternating-gradient  transport  in  the  transfer 
line  and  the  recirculator.  A  section  of  the  SBTE  apparatus 
from  LBL  was  adapted  by  EG&G  to  serve  this  fonction. 
The  voltages  applied  to  the  various  quadrupole  elements  in 
order  to  obtain  a  matched  beam  were  derived  using  an 
envelope  calculation  and  range  from  ±  1.8  to  ±  4.0  kV.  The 
fifth  and  seventh  elements  are  intended  for  minor  beam 
steering  rather  than  for  focusing.  Insertable  Faraday  cups 
are  located  after  the  third  and  ninth  elements. 

Time-resolved  measurements  of  beam  properties  have 
been  obtained  at  various  locations  throughout  the  matching 
and  magnetic  transport  sections.  The  current  has  been 
measured  using  Faraday  cups  at  positions  .67  and  1.9  m 
downstream  of  the  diode  source  in  the  matching  section,  as 
well  as  at  a  position  3.16  m  downstream  in  the  magnetic 
transport  section.  An  energy  analyzer  developed  at  LBL 
(consisting  of  curved  electrostatic  plates,  across  which 
various  potential  differences  are  placed)  was  located 
1.75  m  downstream  of  the  source.  A  two-slit  scanner  was 
placed  at  positions  .2  and  1.6  m  downstream  of  the  source, 
providing  measurements  of  emittance,  beam  radius  and 
beam  centroid  location. 


Fig.  3.  Experimental  (black)  and  simulated  (gray)  current. 

Figure  3  shows  an  example  of  the  current  vs.  time  at 
the  second  Faraday  cup  location.  Also  plotted  are  results 
from  the  1-D  Code  HINJ[12]  showing  close  agreement 
between  simulation  and  experiment.  The  plot  shows  a  large 
current  spike  at  the  head  of  the  pulse.  The  spike  arises 
because  the  rise  time  of  the  diode  voltage  (about  1  p,s)  is 
longer  than  the  ideal  rise  time  of  0.48|is.[13]  With  the 
slower  rise  time,  particles  emitted  at  the  beginning  of  the 
pulse  have  significantly  lower  energy  than  particles  emitted 
subsequently  and  so  particle  overtaking  occurs.  A 
modification  of  the  pulser  circuitry  to  halve  the  rise  time  is 
planned.  The  code  results  are  slightly  noisier  than  the 
experiment;  this  results  from  a  numerical  deconvolution  of 
the  voltage  waveform  (to  account  for  time  lags  in  the 
voltage  monitor),  which  introduced  noise  into  the  voltage 
waveform  used  by  the  code.  Shown  in  Fig.  4  is  a 


Fig.  4.  Normalized  emittance  at  end  of  matching  section 

measurement  of  the  horizontal  normalized  edge  emittance 

(4x  rms)  at  the  end  of  the  matching  section.  The  high  initial 

value  appears  to  be  due  to  the  instantaneously  high  line- 

charge  density. 
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and  L  Haber,  Naval  Research  Laboratory,  Washington,  DC  20375-5346  USA 


Abstract 

A  recirculating  induction  accelerator  has  potential  cost  advan¬ 
tages  for  a  heavy-ion  fusion  driver.  In  order  to  explore  the 
physics  and  technological  issues,  a  small  prototype  recircula¬ 
tor  is  being  built[  1].  The  three  dimensional  particle-in-cell  code, 
WARP3d[2],  is  being  used  in  the  design  and  analysis  of  the  ex¬ 
periments.  WARP3d  is  used  to  examine  the  behavior  of  the 
beam  in  the  electric  dipoles  and  in  the  non-linear  fields  associated 
with  the  accelerator  lattice  elements.  The  dipoles  have  focusing 
and  fringe  fields  which  can  adversely  affect  the  beam  quality. 
Both  single  particle  and  full  beam  dynamics  are  examined  in  the 
dipoles  using  realistic  geometries.  Dipole  plate  designs  which 
minimize  the  adverse  effects  are  described.  The  non-linear  fields 
associated  with  the  permanent  magnetic  quadrupoles  have  been 
included  in  the  simulations.  They  were  found  to  have  little  effect 
on  the  quality  of  the  beam. 

L  WARP3d 

The  realization  of  heavy  ion  driven  inertial  fusion  requires 
a  detailed  quantitative  understanding  of  the  behavior  of  high- 
current  ion  beams.  The  three-dimensional  particle-in-cell  sim¬ 
ulation  code  WARP3d  is  used  to  study  the  transport  and  ac¬ 
celeration  of  space-charge  dominated  ion  beams  in  present-day 
and  near-term  experiments,  and  in  fusion  drivers.  WARP3d  in¬ 
cludes  a  number  of  novel  techniques  and  capabilities  that  both 
enhance  its  performance  and  make  it  applicable  to  a  wide  range 
of  problems.  The  techniques  include  a  method  for  sub-grid  scale 
resolution  of  conducting  boundary  locations  in  the  solution  of 
Poisson's  equation,  a  warped  coordinate  system  to  model  accel¬ 
erator  bends,  and  “residence  corrections”  to  ensure  that  particles 
receive  the  correct  impulse  from  sharp-edged  finite-length  exter¬ 
nal  fields  whose  edges  are  intercepted  at  different  times  during  a 
time  step.  The  capabilities  include  the  ability  to  model  the  time- 
dependent  accelerator  gap  fields  used  for  axial  beam  confinement 
and  compression,  application  of  field  multipole  components  as  a 
function  of  axial  location  (or  along  with  the  residence  correction 
for  hard-edged  elements)  and  multi-species  beams.  WARP3d  is 
built  on  top  of  the  Basis[3]  system  which  allows  interactive  (run 
time)  control  of  the  code  and  access  to  its  internal  database. 

II.  Induction  Recirculator 

A  small  scale  recirculating  induction  accelerator  is  being  built 
to  study  beam  dynamics  in  a  recirculating  accelerator  and  to  ex¬ 
amine  various  engineering  design  issues.  The  accelerator  was  de¬ 
signed  to  have  beam  dimensionless  parameters  relevant  to  those 
of  a  driver.  With  a  circumference  of  14.4  m,  there  are  40  half 

‘Work  performed  under  auspices  of  U.S.  DoE  by  LLNL  and  NRL  under  con¬ 
tracts  W-7405-ENG-48  and  DE-AI02-93ER40799,  DE-AI02-94ER54232. 
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Figure.  1.  The  top  view  of  the  geometry  of  the  recirculator  half 
lattice  period  as  used  in  WARP3d. 

lattice  periods,  each  with  a  permanent  magnetic  quadrupole,  an 
electric  dipole,  and  an  induction  acceleration  gap.  A  beam  of 
singly  charged  potassium  ions  will  be  accelerated  from  80  to 
320  keV  over  15  laps,  at  a  current  increasing  from  .2  to  .8  Amps. 
With  a  low  emittance,  the  beam  behavior  is  space-charge  domi¬ 
nated.  As  designed,  the  phase  advance  is  initially  depressed  from 
72°  to  16°. 

III.  Electric  Dipoles 

To  make  the  construction  of  the  recirculator  easier  and  less 
costly,  electric  dipole  plates  were  chosen  to  bend  the  beam.  The 
length  of  the  plate  is  constrained  by  the  amount  of  space  avail¬ 
able  for  focusing  and  bending  the  beam.  The  maximum  length 
that  would  fit  is  roughly  one  and  a  half  times  the  plate  separa¬ 
tion.  Also,  the  ends  of  the  plates  are  near  the  structure  supporting 
the  quadrupole  magnets.  With  the  height  of  the  plates  limited 
similarly,  the  plates  are  nearly  square.  As  a  result  of  the  con¬ 
straints,  there  are  significant  nonlinear  fields  produced  by  the 
dipole  plates. 

Analysis  of  the  dipoles’  effect  on  the  behavior  of  the  beam 
calls  for  self-consistent  simulations  which  include  both  the  fields 
produced  by  the  plates  and  the  self-fields  of  the  beams.  WARP3d 
was  used  to  carry  out  the  simulations.  Figure  1  shows  the  layout 
of  the  half  lattice  periods  as  used  in  the  simulations. 

The  dominant  nonlinear  component  of  the  field  from  the  dipole 
plates  is  the  sextupole  component,  oc  cos(30).  With  flat 
plates,  the  sextupole  rapidly  alters  the  beam  shape.  After  one 
quarter  of  a  lap  the  transverse  profile  of  the  beam  becomes 
markedly  triangular.  The  addition  of  ridges  on  the  top  and  bot- 
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tom  of  the  plates  can  alter  the  sextupole  component.  The  ridges 
that  are  typically  added  to  dipole  plates  have  a  height  that  is  10% 
of  the  plate  separation  and  minimize  the  sextupole  induced  by 
finite  plate  height[4].  However,  in  this  case,  because  the  axial 
fringe  fields  also  introduce  a  significant  sextupole,  minimizing 
the  sextupole  due  to  finite  plate  height  only  is  not  satisfactory. 
The  ridges  have  to  be  made  larger,  driving  the  sign  of  the  sex¬ 
tupole  in  the  center  of  the  plates  negative  so  that  the  average  of 
the  sextupole  over  the  lattice  period  is  minimized.  The  height  of 
the  resultant  ridges  is  roughly  30%  of  the  plate  separation. 

The  transverse  variation  of  the  potential  across  the  beam  in 
the  dipole  gives  rise  to  a  focusing  effect  in  the  plane  of  the  bend. 
The  outer  edge  of  the  beam  slows  down  in  the  dipole  and  is 
bent  more,  whereas  the  inner  edge  of  the  beam  speeds  up  and  is 
bent  less.  The  result  is  a  focusing  of  the  beam.  There  is  also  a 
focusing  (or  defocusing)  in  the  plane  out  of  the  bend  from  the 
vertical  fringe  fields.  The  combination  results  in  different  phase 
advances  in  the  two  planes.  Shifting  the  plates  radially,  i.e.  in  the 
plane  of  the  bend,  changes  focusing  in  both  transverse  directions; 
an  outward  shift  lowers  the  in-plane  focusing  and  raises  the  out- 
of-plane  focusing.  The  plates  can  be  shifted  so  that  the  phase 
advance  is  the  same  in  both  planes. 

The  change  in  potential  along  the  beam  centroid  in  the  dipole 
changes  the  speed  of  the  beam  in  the  dipole,  changing  the  overall 
timing  of  the  beam.  If  the  resulting  timing  change  is  not  included 
in  the  timing  of  the  axially  confining  fields,  significant  line  charge 
waves  will  be  launched  from  the  ends  of  the  beam.  The  change 
in  the  timing  can  be  controlled  by  adjusting  the  radial  location 
of  the  dipole  plates,  which  changes  the  location  of  the  potential 
in  the  beam  relative  to  ground.  There  is  a  radial  plate  position 
which  minimizes  the  timing  change,  avoiding  the  necessity  of 
having  to  include  the  change  in  the  accelerator  timing. 

Unfortunately,  the  plate  location  giving  matched  phase  ad¬ 
vances  and  the  plate  location  giving  zero  timing  change  do  not 
coincide.  Further  plate  shaping  is  therefore  needed.  With  the 
plates  located  to  minimize  the  timing  change,  the  in-plane  fo¬ 
cusing  is  larger  than  the  out-of-plane  focusing.  The  plates  can 
be  curved  out  of  the  plane  of  the  bend  to  increase  the  vertical 
focusing. 

The  plate  shape  has  been  tuned  to  minimize  the  effects  de¬ 
scribed  above.  The  gridded  representation  of  the  plate  developed 
is  shown  in  figure  2.  The  undepressed  phase  advances  in  both 
planes  are  near  79°  with  a  phase  advance  with  quadrupoles  only 
of  72°.  With  a  beam  energy  of  80  kV,  the  outer  plate  is  held  at 
6889  V  and  the  inner  plate  is  held  at  -6262  V.  The  design  was  ar¬ 
rived  at  by  iteratively  adjusting  the  curvature  and  ridges  until  the 
in-plane  and  out-of-plane  focusing  matched,  and  then  adjusting 
the  radial  location  of  the  plates  and  the  voltages  on  the  plate  to 
bring  the  timing  change  to  zero. 

IV.  Simulation  Results 

WARP3d  is  being  used  to  simulate  the  beam  in  the  recirculator 
for  15  laps.  Typically,  the  beam,  which  is  about  3.5  half-lattice 
periods  or  2  fis  long,  is  made  up  of  100,000  simulation  particles. 
The  field  grid  has  dimensions  32x16  in  the  transverse  plane  and 
128  cells  axially,  covering  four  half  lattice  periods.  The  symme¬ 
try  is  taken  advantage  of  and  only  the  top  half  of  the  accelerator 
is  simulated,  allowing  the  use  of  half  the  number  of  grid  cells 


Figure.  2.  The  optimized  design  of  the  dipole  plate,  minimizing 
emittance  growth.  The  beam  goes  into  the  page  and  will  be  bent 
to  the  left.  The  lines  are  contours  of  constant  potential. 


in  the  vertical  direction.  The  quadrupoles  are  modelled  as  hard 
edged,  with  no  nonlinear  components. 

The  dipole  plates  are  modelled  fully  self-consistently  except 
for  image  fields  effects.  The  field  from  the  dipole  plates  is  cal¬ 
culated  with  Laplace’s  equation  including  the  detailed  shape  of 
the  plates  and  the  surrounding  conductors  with  SOR.  During  the 
simulation,  the  pre-calculated  field  of  the  dipole  is  overlaid  on 
top  of  the  beam  self-fields.  The  self-fields  are  calculated  with  a 
3-D  FFT,  which  is  faster  than  SOR,  in  a  rectangular  box  with  the 
images  on  the  sides.  The  transverse  dimensions  of  the  box  are 
the  same  as  the  plate  separation.  This  only  approximates  the  true 
images  on  the  dipole  plates  and  quadrupole  pipe,  but  the  images 
are  small  and  the  difference  is  negligible. 

The  accelerating  schedule  and  axially  confining  fields  give  a 
beam  with  constant  physical  length.  The  accelerating  field  is 
ramped  up  linearly  in  time  when  the  beam  is  in  the  first  lap. 
After  that,  the  field  is  held  constant.  The  axially  confining  fields, 
which  are  not  varied  throughout  the  simulation,  are  continuously 
applied  to  the  beam  ends. 

In  the  simulations,  there  is  an  initial  increase  in  emittance  on 
the  order  of  50%  as  the  beam  matches  itself  fi:om  a  straight  path  to 
a  curved  path.  This  growth  is  due  to  a  separation  of  the  particles 
with  differing  axial  velocities  in  the  bends  producing  nonlinear¬ 
ities  in  the  space  charge[l].  The  nonlinearities  thermalize  pro¬ 
ducing  an  increase  in  emittance.  The  amount  of  growth  agrees 
with  theoretical  analysis [5]. 

The  simulations  showed  that  the  behavior  of  the  beam  is  sen¬ 
sitive  to  the  design  of  the  dipole  plates.  Flat  plates  with  no 
ridges  very  rapidly  produce  a  triangular  shaped  beam.  Shifting 
the  plates  by  2  mm  radially  without  including  the  resulting  tim¬ 
ing  change  in  the  timing  of  the  axially  confining  fields  produces 
line  charge  waves  on  the  order  of  10%.  When  the  in-plane  and 
out-of-plane  focusing  are  not  matched,  the  beam  becomes  ellip- 
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Figure.  3.  Time  histories  of  the  mid-pulse  normalized  emittance 
a)  in  the  plane  of  the  bend  and  b)  out  of  the  plane  of  the  bend  with 
the  optimized  design  of  the  dipole  plates.  There  is  little  growth 
after  the  initial  increase  which  is  due  to  the  beam  matching  to 
the  bends. 


Figure  3  shows  the  results  of  the  former  case.  The  latter  case  has 
the  same  result,  little  emittance  growth  after  the  initial  increase. 

V.  Nonlinear  Fields  of  the  Quadrupole  Magnets 

Estimates  were  made  of  the  nonlinear  fields  associated  with 
the  permanent  magnetic  quadrupole  design[6] .  These  fields  were 
included  in  multi-lap  simulations  and  did  not  increase  the  growth 
of  the  emittance.  These  simulations  did  not  include  the  nonlinear 
fields  which  would  result  from  misalignments  in  the  magnet. 

VI.  Conclusions 

A  simulated  beam  was  successfully  accelerated  in  a  model  of 
the  planned  small  induction  recirculator  for  15  laps  with  minimal 
growth  in  transverse  normalized  emittance.  There  was  little  fur¬ 
ther  emittance  increase  after  the  initial  unavoidable  increase  due 
to  matching  to  the  bends.  Critical  to  the  success  was  the  design 
of  the  electric  dipole  plates.  They  were  designed  to  minimize  the 
effects  resulting  from  the  plates’  separation  being  comparable  to 
their  length  and  from  the  plates  being  close  to  the  surrounding 
conductors.  The  design  also  has  the  in-plane  and  out-of-plane 
focusing  from  the  dipoles  the  same. 
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tical  and  the  emittance  grows  more  rapidly  in  the  direction  with 
the  larger  size. 

Use  of  the  tuned  plate  shape  described  in  the  previous  section 
corrects  the  problems.  In  a  simulation  over  the  15  laps,  there 
was  little  growth  in  the  emittance  after  the  initial  growth  from 
matching  to  the  bends.  Figure  3  shows  the  time  history  of  the 
X  and  y  normalized  emittances  at  the  beam  mid-pulse.  The  line 
charge  waves  were  negligible. 

In  the  experiment,  pulse  compression  will  be  done  to  increase 
the  line  charge,  and  the  transverse  size  of  the  beam  will  cor¬ 
respondingly  grow.  The  simulations  do  not  yet  include  pulse 
compression.  Two  cases  were  therefore  simulated,  one  with  the 
size  of  the  simulated  beam  set  to  the  size  of  the  beam  as  it  enters 
the  recirculator,  and  the  other  with  it  set  to  the  larger  size  of  the 
beam  after  it  exits  the  recirculator  and  after  pulse  compression. 
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L  Introduction 

The  primary  purpose  of  the  Fermilab  Debuncher  ring  is 
twofold;  to  accept  approximately  7^ A/pulse  of  8.9  GeV  antipro¬ 
tons  ip)  downstream  from  the  production  target  and  to  subse¬ 
quently  reduce  the  momentum  spread,  from  Ap/p  ^  4%  to 
^  .2%,  and  transverse  emittance,  from  e  ^  207r  mm-mrad  to 
~  Stt  mm-mrad,  for  improved  transfer  and  stacking  performance 
in  the  Antiproton  Accumulator  ring.  To  accomplish  this  objec¬ 
tive,  rf-  cavities  are  used  to  rotate  and  adiabatically  debunch 
the  beam  on  the  time  scale  of  ^  40  msec,  after  which  stochas¬ 
tic  cooling  systems,  both  transverse  and  longitudinal,  are  used 
to  reduce  the  transverse  emittance  and  longitudinal  momentum 
spread  throughout  the  remainder  of  the  2.4sec  p  production 
cycle. 

In  the  initial  and  present  design  of  the  Debuncher  ring,  the  mo¬ 
mentum  compaction  factor  (a),  or  equivalently  the  slip  factor, 
7]  =  a  —  1/7^,  was  chose  to  have  a  value  which  is  a  compro¬ 
mise  between  the  two  competing  functions  of  the  ring  -  that  of 
accepting  and  debunching  a  large  number  of  ps/pulse  and  subse¬ 
quently  employing  stochastic  cooling  feedback  systems  to  pre¬ 
cool  before  injection  into  the  Accumulator.  The  goal  of  this  ex¬ 
periment  is  to  reconcile  this  compromise  by  changing  77  between 
two  desired  values  during  each  p  production  cycle. 


II.  On  Magnetic  Optics  Modifications  to  the  FNAL 
Debuncher 

The  momentum  compaction  factor  is  the  difference  in  the 
perimeter  between  the  orbits  of  particles  with  differing  momen¬ 
tum  from  that  of  the  ideal  design  particle.  Thus, 
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These  relations  suggest  the  following  simple  fact,  that  in  order 
to  modify  a  of  an  existing  lattice,  it  is  sufficient  to  change  the 
dispersion  function. 

The  Debuncher  ring  has  a  circumference  of  505  m  and  is 
composed  of  a  sixfold  symmetric  seperated  function  optical  lat- 
tice[l].  The  basic  arrangement  of  the  ring  consists  of  three  long 
dispersion  free  straight  sections  together  with  arc  sections  con¬ 
sisting  of  57  regular  FODO  achromats  in  total.  Transition  from 
the  arcs  to  the  straights  is  accomplished  with  a  missing  mag¬ 
net  scheme  to  produce  a  strictly  zero  horizontal  dispersion  in 
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the  straight  sections  for  the  purpose  of  locating  rf-  cavities  and 
stochastic  cooling  devices.  As  a  result  of  the  dispersion  killer 
chosen,  each  regular  FODO  cell  has  aphase  advance  of  tt/S.  The 
ring  operates  on  the  positive  side  of  transition  with  large  disper¬ 
sion  in  the  arcs,  thus  limiting  the  momentum  acceptance  upon  in¬ 
jection,  The  dispersion  function  in  the  arcs  reaches  a  maximum 
value  of  2.4  m  and  the  maximum  transverse  beta  functions  are 
approximately  14  m  with  tunes  typically  operated  at  9.79  hori¬ 
zontal,  and  9.77  vertical. 
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Figure.  1 ,  Comparison  of  the  dispersion  function  for  different  de¬ 
sign  cases  to  that  of  the  nominal  case  with  a(nominal) 


To  accomplish  the  task  of  uniformally  changing  the  dispersion 
function  in  the  arc  sections,  while  maintaining  a  large  number 
of  practical  constraints,  interleaved  localized  dispersion  waves 
were  created  by  perturbing  the  strengths  of  judiciously  chosen 
quadrupole  pairs  seperated  by  tt  in  nominal  betatron  phase  ad¬ 
vance.  Amongst  some  of  the  constraints  were  the  requirements 
that:  (i)  perturbations  to  any  quadrupole  should  not  exceed  w 
±20  Amps  due  to  the  present  power  supply  limitations,  f//j  the 
tunes  shifts  in  either  plane  may  not  exceed  Auj;,y  ^  ±-005 
to  avoid  resonance  crossing,  f/n  jthe  dispersion  function  remain 
strictly  zero  in  the  straight  sections  due  to  the  location  of  stochas¬ 
tic  cooling  devices  and  rf-  cavities,  and  ( iv)  the  P  functions  not 
exceed  10%  of  their  nominal  values  (except  at  the  locations  of 
the  stochastic  cooling  pickup  and  kickers,  for  which  one  desires 
a  large  amplitude  for  increasing  the  sensitivity  factor).  Together 
with  these  constraints  is  the  very  important  constraint  that  the 
phase  difference  between  the  pickup  and  kicker  either  remain  the 
same  or  move  closer  to  optimal  for  the  correct  phasing  of  the 
stochastic  cooling  system. 
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A  comparison  of  the  dispersion  functions  in  one  sector  for  the 
nominal  lattice  and  that  for  the  lattice  with  a  value  of  a  1 .5  times 
larger  is  given  in  Figure  1.  The  lattice  design  for  both  large  and 
small  a  maintain  six-  fold  symmetry.  Furthermore,  the  lattice 
designs  for  each  case  are  symmetric  in  the  required  SI  of  each 
quadrupole  from  the  nominal  design  lattice,  i.e.  it  is  merely  a 
change  of  sign  of  each  SI  in  the  change  from  .05a  — y  1.5a. 

A.  Sensitivity  to  the  Resonance  Lines 

A  change  in  dispersion  function  in  the  arcs  is  accompa¬ 
nied  with  relatively  large  tune  shifts,  which  must  be  removed 
through  adjustments  of  the  quadrupole  fields  in  the  zero  dis¬ 
persion  straight  sections.  Thus  it  is  required  to  understand  the 
features  of  the  resonance  structure  in  the  vicinity  of  the  operat¬ 
ing  point.  In  particular,  if  the  tunes  are  not  properly  corrected 
while  differentially  changing  the  lattice  at  each  step  with  non¬ 
linear  ramps,  relatively  large  tune  excursions  can  occur  during 
the  ramping  process  for  which  beam  loss  may  result  due  to  res¬ 
onance  crossing.  An  experimental  investigation  was  undertaken 
to  map  out  the  amplitude  and  widths  of  the  resonances  through¬ 
out  a  relatively  large  area  of  tune  space  ( ± .  1  units  in  both  planes) 
sufficient  for  the  purposes  of  this  project.  The  major  resonance 
lines  together  with  their  relative  width  and  strength  are  given  in 
Table  1.  Avoiding  these  resonances  during  the  ramping  process 
puts  heavy  restrictions  on  allowable  tune  excursions. 


Resonance. 

%  Beam  Reduction 

Width  in  tune  units 

2/3 

Z 

0 

0 

±.006 

3/4 

~  60 

±.003 

4th  order  sum 

45 

±.002 

Estimates  for  an  increased  transverse  stochastic  cooling  rate, 
due  to  the  larger  a,  can  be  obtained  through  an  integration  of 
the  first  moment  integral  of  the  Fokker  Plank  equation  which  de¬ 
scribes  the  time  evolution  of  the  transverse  density  function. 

gi  is  the  gain  factor,  Ti  is  the  signal  suppression.  Mi  is  the  mixing 
factor,  Ui  is  the  noise  to  signal  ratio,  Q,  =  27r/o  is  the  revolution 
frequency,  and  the  sum  is  over  the  Schottky  bands  in  the  cooling 
bandwidth. 
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III.  On  Improvements  to  the  Stochastic  Cooling  of 
Particle  Beams 

With  each  revolution,  the  Schottky  signal  from  a  given  group 
of  particles  is  sampled,  and  that  signal  is  applied  (with  a  large 
gain)  back  upon  the  same  sample  of  particles  downstream  from 
the  pickup.  If  there  is  a  large  spread  in  revolution  frequencies 
due  to  a  large  dispersion,  then  particles  from  adjacent  samples 
will  mix  during  subsequent  turns  through  the  ring.  In  the  limit 
of  complete  mixing  of  particles  between  different  samples,  the 
cooling  system  would  be  most  effective  since  it  acts  upon  a  sta¬ 
tistically  independent  set  of  particles  upon  each  revolution.  This 
mixing  of  particles  between  adjacent  samples  is  related  to  the  op¬ 
tics  of  the  storage  ring  through  the  momentum  compaction  fac¬ 
tor,  or  equivalently  the  slip  factor  (a  —  l/jf  ,r]  =  a  —  1/7^). 

A  quantity  which  is  useful  in  quantifying  the  particle  sampling 
of  the  cooling  system  is  the  mixing  factor,  M.  The  mixing  fac¬ 
tor  is  the  number  of  turns  it  takes  to  mix  a  sample  of  particles. 
Presently,  the  numerical  value  of  M  in  the  Debuncher  ring  is  ap¬ 
proximately  12  at  the  end  of  the  cooling  cycle.  An  expression 
for  the  mixing  factor  assuming  a  gaussian  distribution  function 
ijj  representing  the  density  of  particles,  momentum  spread  cr^/p, 
and  bandwidth  W  is 


2W\r}\y/^ap/p 

Increasing  the  machine  rj  results  in  a  decrease  in  M,  which  in¬ 
creases  the  cooling  rate.  M  appears  naturally  in  the  theory  of 
stochastic  cooling  [2][3][4]. 


Figure.  2.  Comparison  of  the  transverse  emittance  et  as  a  func¬ 
tion  of  time  for  the  cases  with  and  without  a  dynamic  momentum 
compaction  factor. 

Using  model  fits  to  experimental  data  of  the  cooling  system 
under  the  present  conditions.  Figure  2  compares  two  cases  of 
emittance  cooling  with  and  without  the  application  of  a  dynamic 
momentum  compaction  factor.  The  theoretical  predictions  are 
based  upon  future  design  upgrade  parameters  necessary  for  Main 
Injector  operation.  The  model  predicts  an  improvement  to  the 
transverse  cooling  rate  of  ^  15%.  An  improvement  to  the  De¬ 
buncher  to  Accumulator  (D/A)  transfer  efficiency  is  expected  to 
be  nearly  commensurate  on  the  basis  of  Figure  3,  in  which  the 
increases  in  the  D/A  efficiency  has  been  correlated  to  a  smaller 
beam  size  prior  to  transfer.  In  that  figure,  quantities  are  plotted  as 
a  function  of  the  amount  of  time  that  beam  is  allowed  to  remain 
in  the  Debuncher,  or  equivalently  the  production  cycle  time.  Be¬ 
yond  the  improvments  in  D/A  transfer  efficiency,  there  is  also 
sufficient  evidence  suggesting  the  Accumulator  p  stacking  rate 
is  a  strong  function  of  the  beam  size  upon  injection. 

IV.  On  a  Larger  Momentum  Acceptance  and  Better 
Longitudinal  Phase  Space  Rotation 

A  reduction  of  the  momentum  compaction  factor  from  the 
nominal  design  value  is  expected  to  have  two  effects.  First,  a 
smaller  value  of  rj  will  allow  for  a  larger  momentum  acceptance 
upon  injection  of  antiprotons  into  the  Debuncher.  The  second  ef¬ 
fect  is  to  increase  the  rf-  bucket. 
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Figure.  3.  Debuncher  to  Accumulator  (D/A)  transfer  efficiency 
as  a  function  of  the  duration  of  the  Production  cycle.  Also  plotted 
are  the  transverse  emittance  in  the  Debuncher  illustrating  the  cor¬ 
relation  of  improved  D/A  efficiency  with  decreased  beam  size. 


With  regard  to  the  first  effect,  Figure  4  is  a  comparison  be¬ 
tween  the  beam  size  for  the  nominal  lattice  (anom)  design  and 
that  for  a  design  with  a  .48  x  anom  with  an  emittance  of  207r 
mm-mrad  and  Ap/p  =  4%.  Given  the  reduction  in  beam  size 
for  the  small  a  lattice,  a  25%  increase  in  momentum  acceptance 
of  antiprotons  upon  injection  is  possible. 


Arc  Length  [m] 


Figure.  4.  Comparison  of  the  beam  size  a  between  the  present 
Debucher  lattice  design  having  a  and  that  with  O.Sa.  Ct  =  207r 
mm-mrad  and  Ap/p  =  4% 


The  narrow  time  structure  of  the  antiprotons  inherited  by  the 
the  proton  beam  after  targeting  from  the  Main  Ring  is  exchanged 
for  a  narrow  energy  spread  through  longitudinal  rf-  bunch  rota¬ 
tion  through  1/4  of  a  synchrotron  period  inn  the  Debuncher  ring. 

The  longitudinal  dynamics  can  be  described  by  the  differential 
equation 


dP<j> 

di 


eVhpwlcosips 


b{<f>  -  (^0  =  0 


where  the  synchronous  frequency  is  given  by 

^2  „  eVhpujl  cos  (t)s 
^  2nEo^^l 

For  the  Debuncher  1/  =  5MV, =  0. 590035MHz,  and =:  90. 
From  these  equations,  it  can  be  shown  that  the  phase  space  area 
of  the  oscillatory  orbits  is  inversely  proportional  to  ^/rj.  A  larger 
phase  space  area  is  beneficial  for  the  rf  bunch  rotation  process 
to  avoid  filamentation,  which  lead  to  lower  debunching  efficien¬ 
cies. 

V.  Conclusions 

Commissioning  of  the  project  described  in  this  paper  is  under¬ 
way.  At  the  present  time,  we  are  implementing  only  the  case  for 
a  — >  1.5a.  The  largest  gains  of  this  project,  in  general,  both 
through  an  15%  increase  in  the  cooling  rate  and  a  large  increase 
25  —  30%)  in  momentum  acceptance,  are  expected  to  come 
to  fruition  in  the  Main  Injector  era. 
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1.  INTRODUCTION 

Recirculating  induction  accelerators  have  been  studied 
as  a  potential  low-cost  driver  for  inertial  fusion  energy.  At 
LLNL,  we  are  developing  a  small  (4.5-m  diameter),  scaled, 
experimental  machine  which  will  demonstrate  many  of  the 
engineering  solutions  of  a  full  scale  driver[l].  The  small 
recirculator  will  accelerate  singly  ionized  potassium  ions 
from  80  to  320  keV  and  2  to  8  mA,  using  electric  dipoles  for 
bending  and  permanent  magnet  quadrupoles  for  focusing  in  a 
compact  periodic  lattice.  While  very  compact,  and  low  cost, 
this  design  allows  the  investigation  of  most  of  the  critical 
physics  issues  associated  with  space-charge-dominated 
beams  in  future  IFE  power  plant  drivers.  Additionally,  a 
straight  magnetic-transport  experiment  is  being  carried  out  to 
test  diagnostics  and  magnetic  transport  in  preparation  for  the 
recirculator. 

II.  DESCRIPTION  OF  THE  RECIRCULATOR 

This  small  recirculator  will  have  an  aperture  of  68  mm 
for  the  focusing  element,  and  a  half-lattice  period  of  360  mm. 
The  full  recirculator  will  consist  of  40  half-lattice  periods. 
Figure  1  illustrates  a  90®  section  of  the  ring.  The  electric 
dipoles  and  quadrupoles  and  associated  stand-off  distances 
occupy  the  majority  of  the  axial  space  of  the  half-lattice 
period,  thereby,  dictating  its  mechanical  design  (see  Fig.  2). 

The  present  experimental  plans  call  for  accelerating  the  K"*" 
ions  through  15  laps.  To  minimize  beam  losses  during  the  15 


Figure  1.  A  90®  segment  of  the  recirculator. 


Figure  2.  A  quarter  section  view  of  the  half-lattice  period 
illustrating  its  major  features. 

laps,  a  vacuum  of  better  than  10"^  torr  is  required.  Each  half¬ 
lattice  period  is  individually  assembled,  aligned,  and  installed 
on  the  ring  using  a  coordinate  measuring  machine  and 
multiple  optical  surveying  transits  to  meet  the  demanding 
250  |im  positioning  tolerance  of  the  dipoles  and  quadrupoles. 
The  half-lattice  periods  are  mounted  on  kinematic  mounts  to 
facilitate  removal  for  operational  reasons  without  the  need  for 
realignment. 

III.  MECHANICAL  DESIGN 

The  recirculator  half  lattice  period  is  constructed  from 
two  non-magnetic  stainless  steel  subassemblies  each  of  which 
house  the  electric  dipole  and  permanent  magnet  quadrupoles. 
Space  constraints  of  the  electric  dipole,  quadrupole,  induction 
core,  and  the  ring  geometry  required  dipole  vacuum  housing 
to  have  a  trapezoidal  shape  (see  Fig.  3).  Investigation  into 
manufacturing  techniques  revealed  that  the  most  cost 
effective  method  is  to  machine  six  individual  plates  and 
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IV.  VACUUM  DESIGN 


Fgure  3.  A  half  section  view  of  the  half-lattice  period 
illustrating  the  integration  of  the  compact  design. 


assemble  them  by  either  welding  or  vacuum  brazing.  The 
dipole  is  mounted  on  the  trapezoidal  top  flange.  Each  of  the 
dipoles  is  supported  by  a  vacuum-compatible,  machinable 
ceramic.  This  ceramic  mount  is  in  turn  mounted  to  a 
commercially  available  optic  mount  which  allows  precision 
roll  and  pitch  adjustments  of  the  plates.  The  optical  mount  is 
mounted  to  allow  two  additional  translations  of  the  dipole 
assembly.  Two  40  kV  feedthroughs  and  a  32  mm  diagnostic 
port  are  provided  on  the  dipoles  mounting  flange.  The 
quadrupole  subassembly  consists  of  a  precision  tube,  three  32 
mm  diagnostic  ports,  flanges,  and  a  welded  bellows.  The  key 
design  feature  is  the  precision  machining  of  the  outside 
diameter  of  the  tube  to  locate  the  quadrupole  magnet.  The 
quadrupole  magnet  is  clamped  to  this  surface  during 
assembly.  This  feature  establishes  the  datum  for  aligning 
each  half-lattice  period  to  the  plane  of  the  ring.  The  half¬ 
lattice  period  is  joined  with  an  insulated,  bolted  assembly 
capable  of  holding  off  2  kV.  Each  of  the  subassemblies 
requires  heat  treating  to  remove  residual  magnetism  resulting 
from  the  welding  procedures. 

The  vacuum  connection  on  the  lower  trapezoidal  flange 
also  serves  as  the  mounting  structure  for  the  half-lattice 
period.  A  large  circular  flange  at  the  interface  between  the 
ion  pump  and  the  bottom  spool  piece  provides  the  structure 
for  the  kinematic  mount. 


The  vacuum  design  requirement  for  the  recirculator  of 

an  operating  pressure  of  less  than  10"^  ton*  requires  the  use  of 
metal  seals  and  ultra  high  vacuum  design  features.  The 
design  of  the  half  lattice  period  utilizes  a  number  of  metal 
seal  designs.  Where  applicable,  conventional  copper-sealed 
knife  edge  and  metal  o-ring  seals  are  used.  All  components 
will  be  cleaned  and  handled  following  standard  UHV 
practices.  Each  half  lattice  period  will  have  a  60  1/s  ion 
pump. 

The  sealing  of  the  two  trapezoid  flanges  to  the  dipole 
body  required  a  unique  application  of  existing  metal  seal 
technology.  After  reviewing  a  number  of  metal  seal  designs 
for  ease  of  fabrication,  reliability,  and  cost,  a  version  of  the 
knife  edge  joint  was  selected.  This  seal  design  was  adapted 
by  MDC  specifically  for  rectangular  flanges.  Its  application 
to  the  trapezoidal  shape  of  the  dipole  body  was  natural 
adaptation.  The  unique  feature  of  this  design  is  the 
orientation  of  the  knife  edge.  Unlike  the  conventional  design, 
the  tapered  face  of  the  knife  edge  points  to  the  interior  of  the 
flange.  This  design  feature  allows  the  sealing  surface  to  be 
machined  on  a  conventional  milling  machine  with  a  specially 
ground  tool.  An  additional  feature  of  this  process  is  that  the 
machine  marks  are  essentially  circumferential,  similar  to 
lathe  machining,  therefore  additional  polishing  is  not 
required. 

The  accelerating  gap  in  the  half-lattice  period  consists 
of  a  127  \im  sheet  of  Kapton  sandwiched  between  two 
stainless  flanges.  A  single  metal  o-ring  provides  the  vacuum 
seal. 


V.  ALIGNMENT  PROCESS  PROCEDURE 

The  alignment  for  the  recirculator  was  derived  from 
techniques  used  for  the  precision  alignment  of  SLAC  and 
other  similar  accelerators.  The  alignment  method  consists  of 
using  multiple  optical  surveying  transits  referenced  against  at 
least  two  benchmarks  to  absolutely  position  the  individual 
half-lattice  periods  into  the  recirculator  beam  path  diameter. 
The  method  reduces  the  chance  of  propagating  errors  during 
assembly  and  provides  the  capability  for  repeatable 
realignment  after  performing  regular  maintenance,  upgrades, 
or  disassembly. 

The  alignment  method  is  comprised  of  four  processes. 
The  first  process  is  the  alignment  of  the  beam  tube  assembly 
that  includes  the  aligning  of  the  electric  dipole  and  the 
magnet  using  a  coordinate  measuring  machine.  The  second 
process  is  alignment  of  the  recirculator  platform  relative  to  a 
benchmark  using  precision,  optical  transits,  and  tri angulation. 
The  third  process  is  the  mounting  and  connecting  of  the  beam 
tube  assembly  to  the  recirculator  platform,  and  the  final 
process  is  the  alignment  of  the  beam  tubes  relative  to  the 
plane  of  the  ring. 

A  critical  dimension  for  the  recirculator  is  the 
relationship  of  the  dipole  center  line  with  the  quadrupole  axis 
for  each  half-lattice.  This  dimension  will  be  adjusted  and 
measured  before  installation  using  a  coordinate  measuring 
machine  that  will  project  the  quadrupole  axis  by  sweeping 
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Figure  4.  Linear  configuration  of  the  Magnetic  Transport  Experiment. 


out  the  inner  and  outer  diameter  of  the  beam  tube.  The  next 
step  is  to  sweep  the  surface  of  the  electric  dipoles  and  project 
its  center  line.  The  dipole  adjustment  stage  will  be  used  to 
manipulate  the  dipole  centerline  relative  to  the  quadrupole 
axis.  A  final  check  will  be  made  to  define  the  locations  of  the 
beam  tube,  dipole,  and  the  tooling  balls  mounted  on  the  half¬ 
lattice  structure.  These  tooling  balls  will  act  as  reference 
targets  for  the  optical  alignment  during  assembly  of  the 
recirculator. 


VI.  MAGNETIC  TRANSPORT  EXPERIMENT 

As  a  precursor  to  the  development  and  deployment  of 
the  recirculator,  it  is  necessary  to  study  the  magnetic 
transport  of  intense  ion  beams.  The  Magnetic  Transport 
Experiment  (MTE)  is  primarily  intended  to  provide  an 
experimental  apparatus  to  assess  the  role  of  electrons  in 
magnetic  beam  transport.  It  will  also  provide  a  test-bed  for 
the  development  of  intercepting  and  non-intercepting  beam 
diagnostics  and  permit  characterization  of  the  potassium  ion 
beam  before  injection  into  the  ring.  The  MTE  consists  of 
three  spools,  each  supporting  two  recirculator-design 
magnetic  quadrupoles  (see  Fig.  4).  Each  spool  provides  a 
35  mm  radius  beam- tube  and  access  ports  to  allow  insertion 
of  beam  diagnostics,  and  vacuum  pumping  ports.  An  entry 
spool  consisting  of  a  beam  tube,  a  single  magnetic 
quadrupole,  and  a  gate  valve  provides  connection  to  the 
potassium  ion  source  and  matching  section.  The  MTE 
terminates  in  a  diagnostics  module  designed  to  house  a 
Faraday  cup  detector  and  a  developmental  optical  diagnostic 
consisting  of  a  scintillator  and  imaging  system.  The  MTE  is 
approximately  2.5-m  in  length,  excluding  the  terminal 
diagnostics  box. 

Spool  diagnostics  for  each  stage  include  LBL-designed 
slit  scanners  for  measuring  beam  emittance  and  an  LLNL- 
developed  four-lobe  capacitive  probe.  Access  ports  are 
designed  to  permit  insertion  of  the  capacitive  probe  without 
disassembly  of  the  spool,  which  permits  modifications  to  be 


made  with  minimal  impact.  Vacuum  pumping  is  achieved  by 
a  60  liter/second  ion  pump  on  each  spool,  with  appropriate 
provisions  for  attachment  of  roughing  pumps  as  required. 
Vacuum  requirements  are  less  stringent  than  the  recirculator 
since  multiple  passes  of  the  beam  will  not  occur.  Pressures  in 
the  range  of  1  x  10-6  torr  are  adequate  for  this  experiment. 
Pressure  will  be  measured  by  monitoring  ion  pump  current. 
The  gate  valve  at  the  entry  stage  allows  the  MTE  to  be 
brought  up  to  air  separately  from  the  source  and  matching 
section,  which  saves  pump-down  time  and  reduces  the 
likelihood  of  contaminating  these  stages. 

Alignment  of  the  MTE  is  accomplished  by  using  optical 
bore-sighting  with  precision  cross-hair  targets  inserted  in  the 
beam  tube.  Initial  alignment  will  establish  the  beam  line  by 
referencing  back  to  the  source  diode.  Later  stages  will  be 
added  using  the  established  line  and  referencing  back  to  the 
source  only  if  problems  occur.  Alignment  tolerances  for  the 
beam-line  quadrupoles  are  250  pm. 

The  MTE,  which  is  scheduled  to  be  operational  in  May 
1995,  will  offer  a  convenient  apparatus  with  which  to  explore 
fundamental  physics  issues  associated  with  recirculating  ion 
accelerators  as  well  as  to  develop  the  unique  diagnostics 
required  for  multiple  lap  operation.  In  addition,  it  is  proving 
to  be  a  valuable  exercise  for  resolving  fabrication,  assembly, 
alignment,  and  operational  issues  prior  to  ring  deployment. 
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A  Weinstein,  Lawrence  Livermore  National 

The  PEP-n  Project  Database  is  a  tool  for  monitoring 
the  technical  and  docum^tation  aspects  of  this  accelerator 
construction.  It  holds  the  PEP-II  design  specifications, 
fabrication  and  installation  data  in  one  integrated  system. 
Key  pieces  of  the  database  include  the  machine  parameter 
list,  magnet  and  vacuum  fabrication  data,  CAD  drawings, 
publications  and  documentation,  survey  and  alignment  data, 
and  property  control  (see  Fig.  1).  The  database  can  be 
extended  to  contain  information  required  for  the  operations 
phase  of  the  accel^ator  and  detector.  Features  such  as 
viewing  CAD  drawing  graphics  fi:om  the  database  will  be 
implemented  in  the  future.  This  central  Oracle  database  on 
a  UNIX  server  is  built  using  Oracle*Case  tools.  Users  at 
the  three  collaborating  laboratories  (SLAC,  LBL,  LLNL) 
can  access  the  data  remotely,  using  various  desktop 
computer  platforms  and  gr^hical  interfaces. 


Laboratory,  Livermore,  CA  94550,  U.S.A. 

L  GOALS 

The  PEP-n  Project  Managemait  during  the  R&D 
phase  in  1992  had  conceived  of  using  a  central  database  as  a 
tool  for  the  three  collaborating  labs  to: 

1.  track  and  ensure  quality  assurance  (hiring  construction 
of  the  project 

2.  track  (bwn  problems  faster  when  they  develop 

3.  facilitate  the  construction  process. 

Corresponding  systems  for  the  BABAR  detector  were 
included  in  this  vision.  These  functions  required  an 
integrated  technical  and  administrative  database.  Data  that 
existed  then  was  on  multiple,  disparate  desktop  computer 
systems  or  on  paper,  which  made  data  less  reliable  and 
harder  to  share  amongst  usars.  Project  Management  decided 
to  support  the  design  and  implemeatation  of  a  central 
database  based  on  Oracle.  Oracle  was  chosen  because  it  is  a 
modem,  relational  ciatabase;  it  runs  on  the  client/server 


Fig.  1.  PEP-n  Project- Wide  Database  Entities  and  Relationships  Diagram  generated  by  Oracle*CASE. 
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architecture  PEP -II  is  using  (clients  being  Macintosh  and 
IBM-PC,  server  being  UNIX  RS6000),  it  is  alreacfy  site- 
licensed  at  SLAG  and,  in  addition,  is  widely  used  at  other 
DOE  labs. 

In  July  1992,  several  Project  Managers  and 
programmers  visited  CERN  to  learn  from  their  10-year 
experience  working  with  Oracle  databases.  The  trip  was 
most  useful  and  we  brought  away  the  following  key  points: 

1.  have  a  vision  of  the  overall  database  from  the 
beginning  so  hooks  are  left  for  further  expansion 
(otherwise  data  from  different  systems  might  not 
converge  later  or  might  be  in  the  wrong  format) 

2.  use  Computer  Aided  System  Engine^ng  (CASE)  for  a 
structured  database  analysis,  and  for  faster  development 
and  modifications  since  the  database,  screens,  and 
reports  are  one  integrated  package  within  CASE  rather 
than  loose  pieces  of  code 

3.  managem^t  commitment  is  crucial 

4.  involve  users  in  the  design  from  the  beginning. 

IL  IMPLEMENTING  KEY  PIECES 

To  deal  with  the  contradiction  between  the  large  scope 
of  an  enterprise-wide  database  and  the  pressing  immediate 
needs  of  a  constmction  project,  we  focused  on  getting  key 
pieces  of  the  skeleton  database  mnning  right  away.  Other 
pieces  were  tied  to  management  and  production  needs,  as 
they  arose. 

Key  pieces  (see  Fig.  2)  were: 

1.  Personnel  (most  systems  in  the  database  have 
relationships  with  this  entity);  this  includes  a 
platform-independent  e-mail  distribution  system 

2.  Drawings  (mainly,  but  not  exclusively,  CAD) 

3.  Components 

The  Components  system  was  the  heart  of  the  technical  part 
of  the  database,  and  we  revised  this  design  many  times.  In 
Fig.  1,  the  Entities  and  Relationships  Diagram  shows  that 
for  a  component  to  exist  in  the  database  it  must  be  entered 
in  the  Component  Master  List  entity.  The  component  can 
have  many  parameters  and  their  corresponding  design 
values.  It  can  also  have  a  drawing  number  and  a  revision 


Fig.  2.  Main  Menu  from  Oracle  Forms4. 


number.  Each  instance  of  the  component  is  entered  into  the 
Component  entity.  The  component  instance  is  produced 
according  to  the  order  of  procedures  from  a  traveler  which 
has  a  traveler  number  and  revision  number.  A  traveler  is  a 
set  of  fabrication  instructions  and  measurements  to 
manufacture  that  component  instance.  In  the  traveler,  the 
fabrication  instructions  and  measurements  are  identified  by 
task  numbers.  The  measurement  values  are  stored  in  the 
Component  Metric  Item  entity.  The  Component  Location 
History  entity  records  the  history  of  physical  locations  of 
the  component  instance,  with  the  final  designation  being  its 
destination  in  the  PEP-II  tunnel. 

For  example,  a  Component  Master  List  entry  of  PEP- 
II  High  Energy  Ring  (HER)  dipole  magnet  will  have  design 
parameters  like  Bdl  measured  at  650  A.  An  instance  of  a 
component  is  the  HER  dipole  magnet  with  serial  number 
148  (see  Fig.  3).  It  is  refurbished  according  to  instructions 
on  traveler  number  1,  revision  number  4.  In  this  traveler, 
the  measurement  for  Bdl  at  650  A  is  task  number  1000032. 
The  Bd  at  650  A  (relative  to  the  reference  magnet)  for 
magnet  serial  number  148  is  0,99167. 

We  have  tested  this  Compon^ts  design  with  PEP-II 
magnet  and  vacuum  systems,  and  the  BA  BAR  calorimeter 
crystals  system.  Through  these  normalized  tables  relating 
to  the  Components  system,  we  are  able  to  retrieve 
fabrication  and  measurement  data  by  many  criteria  The 
users  can  query  against  views  that  we  have  built  which  join 
these  normalized,  but  fragmented,  tables  together.  Data  can 
also  be  dumped  from  the  database  by  the  Clear  Access 
program  into  many  other  software  packages  preferred  by  the 
users,  like  Microsoft  Excel  (see  Fig.  4). 

Important  data  that  are  under  change  control,  like 
changes  in  parameter  values,  are  journaled  by  the  database. 
Historical  data  for  the  refurbished  PEP  components  are  also 
stored  in  the  Components  system. 

III.  USER  INTERFACE  ISSUES 

A  Graphical  User  Interface  (GUI)  that  is  intuitive  and 
easy  to  use  is  key  to  the  PEP-II  Project  Database  being 
widely  adopted  by  the  Project  Management  and  the  general 
user  community.  In  fact,  while  the  database  means  solid 
design  of  entity  relationships  and  table  definitions  to  the 
programmers,  to  the  users  the  screens  and  reports  interface 
is  the  database.  Therefore,  we  have  tried  to  quickly  give 
key  pieces  of  the  database  to  the  users  so  that  they  can  test 
the  interface  and  the  data  CASE  has  been  an  important 
part  in  shortening  this  development  cycle.  Although  using 
CASE  requires  a  greater  investment  in  startup  time  (more 
efforts  at  design  and  populating  common  tables),  it  is  easier 
later  to  add  modules  to  the  enterprise- wide  database  and 
respond  to  user  modifications. 

Since  a  construction  project  like  PEP-II  has  a  tight 
schedule,  generally  we  do  not  have  the  luxury  of  having 
sufficient  analysis  time  with  the  engineers  and  physicists  to 
gatha:  their  requirements.  We  had  to  rely  on  very  short 
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Fig.  3.  BdH  measurements  for  HER  Dipole  Magnet 
serial  number  148  from  Oracle  Forms4 


meetings  for  analysis,  followed  by  developing  the  screens 
and  reports  based  on  what  we  hope  was  close  to  80%  correct 
in  the  relationships  and  functions.  Time  and  again,  the 
users  told  us  that  they  themselves  have  only  a  vague  idea  of 
what  they  want.  TTiey  need  to  play  with  the  interface  in 
order  to  know  what  an  enterprise  database  will  do,  and  to  be 
able  to  give  us  feedback  to  correct  the  initial  design.  So  in 
our  situation,  the  textbook  case  of  heavy  up  front 
investment  to  get  as  close  as  possible  to  100%  correct 
analysis  is  not  practical,  unlike  the  situation  for  mission- 
critical  databases  like  accelerator  controls  or  banking. 

The  World  Wide  Web  (WWW)  interface  to  the  Project 
Database  that  we  built  in  recent  months  has  be^  very 
popular.  Besides  being  easy  to  use  and  easy  to  access, 
WWW  can  retrieve  and  join  data  from  Oracle  to  legacy 
databases  such  as  SPIRES  (see  Fig.  5).  We  see  WWW  as 
the  preferred  interface  for  systems  in  our  database  that  have 
been  well  tested  and  have  stabilized 

The  users  at  present  c^ture  data  in  a  myriad  of  ways — 
in  Oracle  Forms4  screens,  in  spreadsheets,  flat  files,  non¬ 
relational  databases,  barcode  readers — and  will  continue  to 


Fig.  4.  Grq)h  of  Bdl  measurements  at  650  A  for  all  HER 
Dipole  Magnets  from  data  retrieved  by  Clear  Access 
and  charted  in  Microsoft  Excel. 
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do  so.  Often  we  work  with  them  to  record  the  data  in  this 
intermecfiate  format  until  our  Oracle  tools  catch  up  with  the 
analysis  and  development  so  that  we  can  reverse-engineer 
these  sub-systems  into  the  Project  Database.  The  use  of 
barcodes  and  barcode  readers  in  facilitating  data  C£^ture  in 
PEP-n  (from  barcoding  components  to  assigning  barcodes 
to  buildngs)  is  spreading.  In  retrieving  records  from  the 
database,  similarly,  a  variety  of  interfaces  are  used  and 
supported  An  example  of  grq)hing  data  through  Clear 
Access/Excel  is  shown  in  Fig.  4.  Other  tools  used  have 
been  WWW,  Oracle  Forms4  and  Oracle  Reports. 

VII.  SUMMARY 

During  the  last  three  years  with  a  small  team  averaging 
two  and  a  half  full  time  employees  per  year,  we  have 
developed  nine  modules  in  the  PEP-II  Project  Database. 
This  short  development  time  would  not  have  been  possible 
without  the  reliance  on  Oracle* CASE  tools.  The  database 
is  used  by  many  of  the  ~300  PEP-II  (and  450  BABAR) 
collaborators  from  multiple  computer  platforms  and  sites. 
It  is  a  useful  tool  to  facilitate  management  and  coordination 
of  the  three  labs.  It  is  also  helping  to  maintain  quality 
assurance  during  the  constmction  of  PEP-II.  This 
integration  of  administrative  and  technical  data  is  an 
innovative  use  within  the  accelerator  community  of  a 
central  project-wide  database. 
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Abstract 

Current  Booster  lattice  is  studied  in  the  context  of  full 
chromaticity  compensation  in  the  presence  of  the  sextupole 
fields  generated  by  the  combined  function  magnets.  The 
sextupole  excitation  at  various  energies,  found  from 
chromaticity  measurements  and  Booster  lattice  analysis,  was 
compared  with  magnetostatic  multipole  calculations.  Both 
results  agree  very  well  and  they  are  consistent  with  the 
original  design  specifications.  Two  families  of  correcting 
sextupole  magnets  are  employed  to  compensate  the  sextupole 
excitations  and  to  adjust  the  chromaticity  (in  both  planes)  to  a 
desired  value,  which  is  set  by  head-tail  stability  consideration. 
Analysis  of  the  required  correcting  sextupole  strengths  is 
carried  out  along  the  momentum  ramp  with  the  measured 
sextupole  excitations  of  the  combined  function  magnets.  The 
results  of  our  calculation  give  quantitative  insight  into  the 
requisite  performance  of  the  sextupole  magnets.  It  calls  for 
much  stronger  sextupole  strengths  at  the  level  which  can  no 
longer  be  supported  by  the  present  correcting  sextupole 
magnet  design. 

L  INTRODUCTION  -  BOOSTER  LATTICE 


Possible  performance  improvement  of  the  present  air  core 
sextupole  magnet  (enhanced  sextupole  strength)  can  be 
achieved  by  surrounding  a  sextupole  magnet  with  an  iron  shell 
(to  decrease  the  reluctance  of  the  exterior  magnetic  path).  The 
maximum  enhancement  level  is  estimated  using  magnetostatic 
calculation  assuming  an  infinitely  thick  shell.  The  second 
option  -  putting  additional  sextupole  correctors  at  various 
new  locations,  which  have  recently  opened  was  also  examined. 
Both  options  of  stronger  sextupole  compensation  were  studied 
from  the  point  of  their  impact  on  the  dynamic  aperture.  No 
significant  second  order  distortions  effects  were  found,  which 
supports  our  claim  that  one  can  safely  add  more  sextupole 
field. 


II.  BOOSTER  CHROMATICITY 

The  integrated  sextupole  strength,  g,  of  an  individual 
sextupole  magnet  of  length  L,  in  Tesla/m  is  introduced  as  fol¬ 
lows 


Ax’  =  - 


^  I  -  B"(l)  dl 

BoP  j  2 


=  -  —  g  ,  (1) 

^oP 


The  Booster  lattice  is  made  up  of  24  identical  FDOODFO 
cells:  horizontally  focusing  magnet  -  short  drift  space  - 
horizontally  focusing  magnet  -  horizontally  defocusing 
magnet  -  long  drift  space  -  horizontally  defocusing  magnet, 
provides  room  for  the  RF  cavities  within  the  standard  cells. 
Since  the  lattice  half-cell  is  not  symmetric,  the  beam  size  is 
different  in  each  magnet  and,  consequently,  the  focusing 
strengths  of  F  and  D  combined  function  magnets  are  different. 
The  magnets  are  assembled  in  48  modules  .  Apart  from  the  F 
and  D  magnets,  each  module  consists  of  a  choke,  a  capacitor 
bank,  an  ion  pump,  a  set  of  correction  magnets  and  a  beam 
position  monitor.  Two  trim  correction  magnet  packages  are 
placed  in  each  period.  Each  package  contains  a  horizontal 
dipole,  a  vertical  dipole,  a  quadrupole  and  a  skew  quadrupole. 
There  are  also  two  families  of  correcting  sextupoles,  but  they 
are  not  considered  a  part  of  the  correction  packages.  All 
Booster  corrections  elements  are  air  core  magnets. 

The  nominal  betatron  frequencies  in  the  horizontal  and 
vertical  planes  are  Vh  =  6.7  and  Vy  =  6.8,  respectively. 
Therefore,  there  are  no  second  or  third  order  structure 
resonances  adjacent  to  the  working  diamond.  The  lattice  tunes 
are  set  by  the  quadrupole  strengths  of  the  combined  function 
magnets  (focusing  and  defocusing). 

As  we  will  show  in  this  study,  more  sextupole  field  is 
needed  to  compensate  the  net  chromaticity  to  the  desired  level 
set  by  head-tail  instability  present  in  the  Booster.  This  calls 
for  either  stronger  sextupole  magnets,  or  for  larger  number  of 
correcting  sextupoles.  Both  options  are  explored  here. 


where  x,  x’  are  generic  coordinates  of  a  transverse  phase-space. 
Here  BqP  is  the  magnetic  rigidity  and  B”  is  the  second 
derivative  of  the  vertical  magnetic  field  with  respect  to  x. 

Apart  from  two  families  of  correcting  sextupoles,  there 
are  also  additional  sextupole  fields  contributed  by  the  96 
combined  function  magnets  (F  and  D).  The  sextupole 
contribution  from  a  combined  function  magnet  is  due 
primarily  to  pole  geometry  and  remanent  magnetization. 
Detailed  numerical  modeling  of  the  multipole  content  of  the  F 
and  D  magnet  geometries  is  presented  in  the  next  section. 

For  the  purpose  of  our  model,  the  sextupole  content  of 
each  F  and  D  magnet  can  be  accounted  for  in  the  Booster 
lattice  by  inserting  identical  zero-length  sextupoles  at  five 
equally  spaced  locations  along  each  magnet.  Significant 
variation  of  the  horizontal  and  vertical  beta  functions  along 
the  F  or  D  magnet  calls  for  distributed  sextupole  contribution, 
rather  than  a  lumped  sextupole  inserted  at  the  middle  of  the 
magnet. 

The  goal  of  the  two  families  of  sextupoles  (h  and  v)  is  to 
compensate  the  natural  chromaticity,  in  the  presence  of 
the  F  and  D  magnet  sextupole  excitations,  Sp  and  Sj^,  to  some 
desired  value,  %.  Assuming  that  the  net  chromaticity  (in  both 
planes)  depends  linearly  on  four  independent  sextupole  sources 
(Sjj,  Sy,  Sp,  S^)  one  can  quite  generally  write  down 
chromaticity  in  terms  of  eight  sensitivity  coefficients.  Using 
matrix  multiplication  this  relationship  assumes  the  following 
compact  form 
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X  =  X^  +  M 


(2) 


Here,  the  underlined  symbols  denote  2-dim  column  vectors 
(their  components  correspond  to  the  horizontal  and  vertical 
planes).  The  bold  face  characters,  M  and  D,  represent  two-by- 
two  matrices  -  one  can  easily  identify  the  eight  sensitivity 
coefficients  with  the  elements  of  the  two  matrices.  One  can 
notice  in  passing,  that  both  M  and  D  depend  exclusively  on 
the  lattice  properties.  A  generic  sensitivity  coefficient  can  be 
expressed  in  terms  of  the  Twiss  functions  according  to  the 
following  relationship 


i(v) 


Here,  the  summation  i(v)  goes  over  locations  of  all 
sextupoles  of  a  given  family  (v),  where  and  D^j  are  values 
of  the  beta  function  and  dispersion  at  those  locations  (p 
indicates  either  horizontal  or  vertical  Twiss  functions). 

Solving  Eq.(3)  with  respect  to  the  correcting  sextupole 
strengths  g  (in  Tesla/m)  yields  the  following  formula 


g  =  (B,p)M-i 


X 


(4) 


The  above  expression  will  be  used  to  analyze  the  required 
sextupole  strength  as  a  function  of  changing  momentum 
along  the  Booster  ramp.  The  sensitivity  coefficients  for  all 
four  families  of  sextupoles,  M  and  D,  are  simulated  for  the 
Booster  lattice  using  MAD  tracking  code  [1] 

To  complete  the  sextupole  strength  analysis,  outlined  by 
Eq.(4),  one  has  to  gain  some  insight  into  the  sextupole 
excitations  of  the  combined  function  magnets  (F  and  D)  and 
their  variation  with  the  B -field.  This  will  be  discussed  in  detail 
in  the  next  section  via  magnetostatic  simulation  for  both 
geometries  of  the  F  and  D  magnets. 

Another  independent  way  of  obtaining  information  about 
the  sextupole  excitation  of  the  combined  function  magnets 
comes  from  the  beam  measurement.  Using  available 
chromaticity  measurement  [2]  with  both  families  of  correcting 
sextupoles  (h  and  v)  turned  off,  one  can  calculate  the  sextupole 
excitations  of  the  F  and  D  magnets  at  various  energies  along 
the  ramp.  This  information  could  be  recovered  by  solving 
Eq.(2)  with  respect  to  Sp  and  Sj).  The  corresponding 
expression  is  given  below: 


approximately  3  m  long.  The  magnetic  field  varies  from 
approximately  500  Gauss  at  injection  up  to  7000  Gauss  at 
extraction.  The  magnets  are  powered  in  a  resonant  circuit  by  a 
15  Hz  sinusoidal  waveform  resulting  in  a  field  of  the  form  [3] 

B(t)  =  B„,in  +|(B„ax  -  Bmin)  [1  “  COS((Ot)]  .  (6) 

Calculations  were  performed  using  a  standard  finite 
element  code  (PE2D).  The  results  confirmed  the  design  dipole 
and  focusing  strength.  Furthermore,  higher  multipole  values 
(up  to  the  24-pole)  were  also  calculated  for  both  F  and  D 
magnets.  The  multipoles  are  normalized  values  at  1  inch.  For 
the  D  magnet,  the  calculated  dipole  field  was  6.65239  x  10^ 
Gauss  with  an  excitation  of  1518  Ampere-turn  and  6.18884  x 
10^  Gauss  for  an  excitation  of  14145  Ampere-tum.  For  the  F 
magnet,  8.31474  x  10^  Gauss  for  1384  Ampere-tum  and 
7.68313  X  10^  Gauss  for  12900  Ampere-tum. 

The  Booster  magnets  are  operated  well  below  saturation 
and  not  surprisingly,  the  calculations  show  that  there  is  no 
significant  dependence  of  the  field  harmonics  on  the  excitation 
current.  The  magnitudes  of  the  dipole  and  quadrupole 
components  of  the  field  are  in  excellent  agreement  with  the 
design  values.  As  explained  before,  the  sextupole  component 
of  the  bending  magnet  magnetic  field  can  be  extracted  from  a 
beam-based  chromaticity  measurement.  The  beam-based 
(measured)  [2]  values  of  b2  in  [m"^]  are  listed  as:  2.0  x  10"^ 
for  the  F  magnet  and  -6.9  x  10“^  for  the  D  magnet.  One  can 
see  that  the  calculated  sextupole  components  at  8  GeV  are  in 
good  agreement  with  the  values  inferred  from  chromaticity 
measurements.  The  distinctive  characteristic  of  the  remanent 
magnetization  contribution  is  that  it  tends  to  be  relatively  in¬ 
dependent  from  the  excitation.  Therefore,  when  normalized 
with  respect  to  the  main  field,  the  relative  contributions  from 
the  remanent  magnetization  to  the  magnetic  field  are  expected 
to  gradually  be  reduced  to  zero  as  the  excitation  current  is 
increased  from  its  minimum  to  its  maximum  value. 

IV.  POTENTIAL  IMPROVEMENTS  TO  AIR 
CORE  SEXTUPOLES 

It  has  been  suggested  to  increase  the  strength  of  the 

existing  air-core  chromaticity  correction  sextupole  magnets  by 

introducing  an  external  iron  shell.  The  field  enhancement 

effect  due  to  an  iron  shell  can  be  estimated  by  using  the 

following  result:  for  a  filament  of  current  located  at  (p,  0) 

inside  a  circular  hole  of  radius  R  carved  into  a  medium  of 

iot 

relative  permeability  p  the  complex  coefficients  Cne  "  -  the 
multipole  expansion  of  the  field  are  given  below  [4] 


fdir.  tJLi  P^l  in<l> 
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III.  SEXTUPOLE  CONTENT 

The  bending  guide  field  in  the  Booster  synchrotron  is 
provided  by  96  combined  function  magnets,  each 


For  a  pure  sextupole  current  layer  of  inner  radius  a  and  outer 
radius  b,  with  a  uniform  current  density  given  by 

J3(P,9)  =  I3  cos3(|)  (8) 
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one  can  easily  carry  out  the  integration  in  the  right  hand  side 
of  Eq.(7),  which  reduces  to  the  following  simple  expression 


C3  ^  [Xq J3  b  —  a  |>t  ~  1  —  a^ 

2  L  ab  n  +  1  SR" 


(9) 


of  the  stronger  compensating  sextupoles  on  the  dynamic 
aperture,  carried  out  in  terms  of  the  distortion  functions  shows 
that  the  requisite  sextupole  configuration  would  not 
significantly  enhance  the  third  order  resonance  stop-band  -  the 
dynamic  aperture  remains  at  acceptable  level. 


Under  ideal  conditions,  i.e.  |i  =  ©o  (|Li  is  about  100  for  iron) 
and  a  =  b  =  R,  the  sextupole  field  could  be  doubled.  More 
realistically,  let  a  ~  b  <  R  and  t  =  b  -  a  «  R.  The  above 
expression  becomes 


C3  _  M-o 
2a^ 


H  -  1 
^  +  1 


(10) 


It  is  probably  unrealistic  to  expect  an  enhancement  factor 
larger  than  1.5  in  a  real  device.  We  note  that  because  the 
exterior  field  decays  faster  as  the  pole  number  increases,  field 
enhancement  with  an  iron  shell  is  less  effective  for  a 
sextupole  than  for  a  dipole  magnet. 


V.  HEAD^TAIL  INSTABILITY  LIMITS 

Following  Sacherer’s  argument  [5]  the  inverse  growth¬ 
time  as  a  function  of  chromaticity  was  evaluated  for  different 
slow  head-tail  modes  (/  =  0,  1,2,  3)  The  I  =  0  mode  appears 
to  be  unstable  above  transition  for  small  negative 
chromaticities  and  might  lead  to  significant  enhancement  of 
coherent  betatron  motion.  The  obvious  cure  to  stabilize  the 
dipole  mode  [6]  is  to  maintain  appropriate  sign  (positive)  of 
the  net  chromaticity.  Otherwise,  this  potentially  offending 
mode  can  be  effectively  suppressed  by  the  active  damper 
system.  This  efficient  cure  for  the  /  =  0  mode  obviously  does 
not  work  in  case  of  the  higher  modes,  since  its  feedback 
system  picks  up  only  the  transverse  position  of  a  bunch 
centroid,  which  remains  zero  due  to  the  symmetry  of  the 
higher  modes.  Another  possible  cure  especially  effective  for 
the  /  >  1  modes  would  involve  the  Landau  damping,  e.  g. 
through  the  octupole-induced  betatron  tune  spread.  Increasing 
betatron  amplitude  of  initially  unstable  mode  causes  increase 
of  the  tune  spread,  which  will  eventually  self-stabilize 
development  of  this  mode.  Therefore,  presented  head-tail  sta¬ 
bility  analysis  suggests  adjusting  the  net  chromaticity  at  -7 
(-1-7)  units  below  (above)  transition  energy. 
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VI.  CONCLUSIONS  -  SEXTUPOLE  STRENGTH 

Our  analysis  of  the  required  correcting  sextupole 
strengths,  carried  out  along  the  momentum  ramp  with  the 
measured  and  simulated  sextupole  excitations  of  the  combined 
function  magnets,  concludes  that  maintaining  the  net 
chromaticity  at  the  level  set  by  head-tail  instability  limits 
requires  much  stronger  sextupoles.  The  required  sextupole 
strength  is  at  the  level,  which  can  no  longer  be  supported  by 
the  present  correcting  sextupole  magnet  design.  One  has  to 
consider  either  a  new  iron  core  sextupole  magnet  design,  or 
the  upgraded  air  core  magnets  placed  at  all  accessible  high  beta 
locations  -  the  ‘enhanced’  sextupole  layout,  which  is 
proposed  in  this  paper.  Quantitative  assessment  of  the  effect 
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OVERVIEW  OF  COLLIDER  OPTIONS 

D.  B.  Cline,  Center  for  Advanced  Accelerators,  Physics  Department,  University  of  California  Los 

Angeles,  Los  Angeles,  CA  900954547  USA 

Two  dedicated  workshops  have  been  held  in  California 
on  pV  colliders:  Napa  in  1992  and  Sausalito  in  1994.  As  a 
result  of  this  and  a  new  round  of  simulations,  as  well  as 
cooling  experimental  plans,  it  is  possible  to  consider  the 
feasibility  of  constructing  a  collider.  However,  the 
energy  range  and  required  luminosity  must  be  specified  by 
the  particle  physics  goals  before  proceeding.  Also,  the 
unique  features  of  the  physics  potential  vs  LHC  must  be 
shown.  We  will  describe  the  status  of  this  field  and  the  key 
problems  that  must  be  solved  before  a  definite  proposal  can 
be  made. 


1.  INTRODUCTION 

At  Port  Jefferson  Advanced  Accelerator  Workshop  in 
the  Summer  of  1992,  a  group  investigating  new  concepts  of 
colliders  studied  anew  the  possibility  of  a  p'^p'  collider  since 
e  colliders  will  be  very  difficult,  in  the  several  TeV 
range[l].  A  small  group  also  discussed  the  possibility  of  a 
pV  collider[2].  A  special  workshop  was  then  held  in  Napa, 
California,  in  the  fall  of  1992,  for  this  study.  There  are  new 
accelerator  possibilities  for  the  development  of  such  a 
machine,  possibly  at  an  existing  or  soon  to  exist  storage 
ring [3].  For  the  purpose  of  the  discussion  here,  a  p'^'p" 
collider  is  schematically  shown  in  Figure  1.  In  this  brief 
note  we  study  one  of  the  most  interesting  goals  of  a  p^p‘ 
collider:  the  discovery  of  a  Higgs  Boson  in  the  mass  range 
beyond  that  to  be  covered  by  LEP  I  &  II  (~80-90GeV)  and 
the  natural  range  of  the  Super  Colliders  >2Mz  [4,5,6].  In 
this  mass  range,  as  far  as  we  know,  the  dominant  decay 
mode  of  the  will  be 

^hh  (1) 

whereas  the  Higgs  will  be  produced  by  the  direct  channel 


much  larger  than  the  corresponding  direct  product  at  an 
e  collider.  However,  the  narrow  width  of  the  Higgs  partially 
reduces  this  enhancement.  Recent  results  suggest  that  the 
low  mass  Higgs  is  preferred[5] (Figure  2a). 

In  the  low  mass  region  the  Higgs  is  also  expected  to  be 
a  fairly  narrow  resonance  and  thus  the  signal  should  stand 
out  clearly  from  the  background  from[3] 

\ii* \x.~  y  ^ bb 

^Z„,^bb  (4) 

If  the  resolution  requirements  can  be  met,  the  machine 
luminosity  of  ---lO^^cm'^sec'^  could  be  adequate  to  facilitate 
the  discovery  of  the  Higgs  in  the  mass  range  of  100- 
180GeV. 

Finally,  another  possibility  is  to  use  the  polarization  of 
the  p'^p’  particles  orientated  so  that  only  scalar  interactions 
are  possible.  However,  there  would  be  a  trade-off  with 
luminosity  and  thus  a  strategy  would  have  to  be  devised  to 
maximize  the  possibility  of  success  in  the  energy  sweep 
through  the  resonance  (see  Figure  2b  for  other  physics 
issues) 


M  +  M  -  ^  .2)  n.  RESULTS  FROM  THE  NAPA  AND 

SAUSALITO  p>  COLLIDER  WORKSHOP 

which  has  a  cross  section  enhanced  by  the  ratio 

At  the  Napa  meeting  (1992)  a  small  group  of  excellent 
accelerator  physicists  struggled  with  the  major  concepts  of  a 
pV  collider;  some  results  are  published  in  NIM,  Oct. 
~  (200)^  =4x10"^  (3)  1994[3].  At  the  Sausalito  (1994)  meeting  a  larger  group  of 

accelerator,  particle  and  detector  physicists  were  involved. 
The  proceedings  will  be  published  by  AEP  press  in  1995. 

The  major  issue  confronting  this  collider  development 
is  the  possible  luminosity  that  is  achievable.  Two  collider 
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energies  were  considered:  200x200GeV  and  2x2TeV.  The 
major  particle  physics  goals  are  the  detection  of  the  Higgs 
Boson(s)  in  the  s  channel  for  the  low  energy  collider  and 


Table  1:  Parameter  list  for  400GeV  p+p-  collider, 
Sausalito,  1994,  200x200GeV  working  group  report. 


Parameter 

Symbol 

Value 

Collision  energy 

E^m 

400GeV 

Energy/Beam 

E, 

200GeV 

Luminosity 

471  <5^ 

IxlO^Vm'^sec'^ 

Source  Parameters 

Proton  Energy 

Ep 

30GeV 

Protons/Pulse 

N -p 

2x3x10’^ 

Pulse  Rate 

f'O 

lOHz 

p  (prod./accept.) 

p/p 

0.03 

p  survival 

^jj/^source 

0.33 

Collider  Parameters 

Number  of  p/bunch 

-H 

3x10" 

Number  of  bunches 

riB 

1 

Storage  turns 

2ns 

1500  (B=5T) 

Normalized 

10‘‘*m-rad 

emittance 
p-beam  emittance 

8  ,  =  ejy 

5x10'*  m-rad 

Interaction  focus 

Po 

Icm 

Beam  size  at 

2.pm 

interaction 

WW  scattering  as  well  as  supersymmetric  particle 
discovery  [3]. 

The  workshop  goal  was  to  see  if  a  luminosity  of  ICP^  to 
lO^'^cm'^sec'^  for  the  two  colliders  might  be  achievable  and 
useable  by  a  detector.  There  were  five  working  groups  on 
the  topics  of  (1)  Physics,  (2)  200x200GeV  Collider,  (3) 
2x2TeV  Collider,  (4)  Detector  Design  and  Backgrounds, 
and  (5)  p  Cooling  and  production  methods. 

Table  1  gives  the  parameters  and  luminosity  for  the 
low  energy  collider.  Table  2  gives  the  somewhat  more 
optimistic  parameter  list  for  a  2x2TeV  collider  from  the 
work  of  Neuffer  and  Palmer[7] ! 

The  pV  collider  has  a  powerful  physics  reach, 
especially  if  the  |f  polarization  can  be  maintained.  One 
interesting  possibility  is  the  observation  of  the  super 
symmetric  Higgs  Boson(s)  in  the  direct  channel  (see  the 


report  by  V.  Barger  et  al.,  from  Sausalito  meeting).  The 
detector  backgrounds  will  be  considerable  due  to  high 
energy  p  decays  upstream  of  the  detector. 


Table  2:  Parameter  list  for  4TeV  p+p-  Colliders 
(Neuffer  and  Palmer)[7]. 


Parameter 

Symbol 

Value 

Collision  energy 

Ectn 

2TeV 

Energy  per  beam 

Efi 

200GeV 

Luminosity 

L=fnnsnbN^/4nc!  ^ 

lO^'^cm'^sec'^ 

Source  Parameters 

Proton  energy 

Ep 

30GeV 

Protons/pulse 

Np 

2x3x10'^ 

Pulse  rate 

fo 

lOHz 

p  (prod./accept.) 

\l/p 

15 

p  survival 

•V u/M source 

25 

Collider  Parameters 

Number  of  p/bunch 

Number  of  bunches 

riB 

1 

Storage  turns 

Iris 

500 

Normalized 

En 

3x10'^  m-rad 

emittance 
p-beam  emittance 

Et  =  En/J 

1.5x10'^  m-rad 

Interaction  focus 

po 

0.3cm 

Beam  size  at 

interaction 

o  =  (e,Po)'^^ 

2.1pm 

In  the  summary  of  working  group  4  it  was  concluded 
that  these  backgrounds  might  be  manageable.  One  key  to 
achieving  a  high  luminosity  collider  is  the  collection  of  the 
p"*"  from  decays  over  nearly  the  full  phase  space  over 
which  they  are  produced.  This  is  far  from  trivial  and  leads 
to  conclusions  from  groups  2  and  3  that  the  present 
uncertainty  in  luminosity  is  of  order  10^*^  (at  most  4  orders 
of  magnitude,  but  perhaps,  realistically,  2  orders  of 
magnitude,  which,  unfortunately,  spans  the  range  from 
being  uninteresting  to  being  very  interesting).  Hopefully, 
before  the  next  meeting  this  uncertainty  can  be  reduced. 
Perhaps  the  most  interesting  aspect  of  a  p'^p'  collider  is  the 
need  to  cool  the  p*  beams  over  a  very  large  dynamics  range. 
Three  experimental  programs  were  discussed  and  are  being 
initiated  to  study  p  cooling:  at  BNL,  FNAL,  and  a  UCLA 
group  is  proposing  to  study  cooling  and  acceleration  in 
crystals  at  TRIUMF[8].  One  major  conclusion  of  the 
meeting  is  that  p''’p'  colliders  are  complimentary  to  both  pp 
(LHC)[6]  and  e^e  (NLC)  colliders,  especially  for  the  Higgs 
Sector  and  for  the  study  of  supersymmetric  particles. 


847 


III.  THE  POSSIBLE  LUMINOSITY  OF  A  n>' 
COLLIDER 


The  luminosity  is  given  by 

N  ,  N  .  f 

L=  M— _ —y 

471  8;^  P  * 


The  depend  directly  on  the  p"*"  production  and 
capture  rate  (p/p),  /  is  related  to  the  magnetic  field  of  the 
collider,  Eat  the  final  p  invariant  emittance  from  the  final 
stage  of  cooling,  and  P*  will  depend  on  the  bunch  length 
(and  the  longitudinal  cooling  of  the  p*  beams),  as  well  as 
the  collider  lattice. 

We  can  rewrite  the  luminosity  as 


(h/P  r-gcolliderT 
8^  (final  p ') 


(6) 


In  order  to  increase  L  we  must  increase  (p/p)  and  B  and 
decrease  e/v  and  p*.  At  the  Napa  meeting  the  best  judgment 
of  the  group  was  that  (p/p)  ~  10'^  and  ~  1  x  10‘^  inn-rad, 
P*  ~  1cm.  For  the  case  of  y  =  200,  L  =  2xl0^®cm“^sec  ‘.  If, 
on  the  other  hand,  we  use  the  optimistic  values  of  (p/p)  = 
0.2[7],  P*  =  l/3cm,  and  Ea^  =  3xl0'^m-rad,  we  find 


L= [2^4x1 0")x3]  4 
=4.8x10^^  cm“^sec"  ’ 


(7) 


IGHz  is  excited  via  a  piezoelectric  transducer.  We  will  also 
detect  predicted  channeling  radiation  by  surrounding  the 
crystal  with  Csl  scintillation  detectors,  which  are  sensitive 
to  X-rays.  Recent  ideas  on  crystals  and  beams  are  very 
interesting.  [9, 10] 

The  Mil  beamline  is  presently  a  source  of  high  energy 
pions[  11,12].  Straightforward  modification  of  the  beamline 
will  provide  a  collimated  beam  of  forward-decay  muons  at 
high  intensity  -  about  10^  per  second  at  250MeV/c.  The 
longitudinal  momentum  spread  is  about  2%  FWHM. 
Assuming  optimum  tuning  of  the  final  focus  quadrupole 
doublet  in  Mil,  we  can  achieve  a  spot  size  of  3x2cm  with 
horizontal  and  vertical  divergences  of  lOm-rad  and  16m-rad 
respectively.  The  critical  angle  for  planar  channeling  of  p"^ 
at  250MeV/c  in  silicon  is  about  7m-rad,  extrapolating  from 
proton  channeling  data.  A  sizable  fraction  of  the  muons 
should  channel  through  a  few  centimeters  of  the  crystal, 
a) 


Mh  [GeV] 


a  very  large  luminosity,  never  before  achieved  by  any 
collider!  Clearly  this  must  be  far  too  optimistic.  It  is  clear 
that  the  (p/p)  ratio  is  the  key  parameter  of  the  machine. 
Table  1  and  2  give  some  parameters  of  low  energy  and  high 
energy  colliders. 


IV.  MUON  COOLING  EXPERIMENT  AT 
TRIUMF 

This  phase,  the  first  phase  of  the  experiment  TRIUMF, 
will  test  the  cooling  mechanisms  summarized  in  the 
proposal  to  TRIUMF.  The  beam  momentum  will  be  about 
250MeV/c  unchanneled  muons  will  penetrate  the  4cm 
crystal  and  the  cooling  process  can  be  compared  for  the  two. 
In  addition,  a  higher  energy  beam  tests  cooling  at  the 
energies  considered  for  realistic  collider  schemes.  The  first 
step  of  Phase  II  is  to  measure  initial  and  final  emittances  of 
an  unmodified  crystal. 

To  enhance  the  cooling,  we  will  generate  a  strain 
modulation  of  the  planar  channels.  An  acoustic  wave  of 


b) 

1  PHYSICS  THRESHOLDS 

I  FORA  Collider 


Figure  2  a)  Upper  and  lower  bound  s  on  as  a  function 
of  m/,  coming  from  the  requirement  of  a  perturbative 
theory [4].  b)  Physics  threshold  for  a  pp  collider. 


V.  HOW  TO  GET  A  pV  COLLIDER  STARTED 

There  are  many  problems  and  also  possibilities  to  start 
a  p'^p'  collider  in  the  USA.  For  example,  if  crystal  cooling 
could  be  used  a  collider  of  the  type  shown  in  Figure  3  might 
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be  constructed[13].  We  list  the  major  issues  in  the 
development  of  a  collider  in  Table  3.  In  the  past  the  only 

example  of  such  an  innovative  machine  is  the  p p  collider 
initiated  by  Cline,  McIntyre  and  Rubbia  in  1976[14].  In 
Table  3  we  attempt  to  make  a  comparison  between  these  two 
projects!  In  my  opinion  the  key  problem  is  comparison  with 
the  NLC  and  LHC. 

I  wish  to  thank  W.  Barletta,  D.  Neuffer,  A.  Sessler,  R. 
Palmer,  F.  Mills,  and  the  other  participants  of  the  Napa  and 
Sausalito  workshops  for  may  interesting  discussions. 
Thanks  also  to  A,  Bogacz  and  P.  Sandler  for  help  with  this 
paper. 


Table  3: 


For  a  pV  Collider 
Development 

Example  in  Past  pp 
Collider 

(1976-1987)[14] 

(Cline,McIntyre, 

Rubbia  proposal) 

1) 

Strong  Phvsics  Motivation 

W/Z  Discovery 

Higgs,  SUSY,  etc.  etc. 

(Higgs  mass  unknown  -  but 
it  may  be  at  low  mass) 

(Mw,  Z  known) 

2) 

Parameters  Studv 

FNAL/CERN  Studies 

Are  they  realistic?  How  can 
we  make  a  convincing 
argument 

(1976-1981) 

3) 

Beam  Manipulation  and 

AA  Ring  and  Beams 

Cooling 

Rapid  Acceleration  Possibility? 

(p  lifetime  constraint) 

{p  production  yield) 

4) 

Demonstration  of  p*  Cooling 

pip  Cooling 

(Experiments) 

ICE  Ring 

(New  Ideas) 

Novosibirsk,  FNAL 
(1976-1981) 

5) 

Detector  Concepts  and 

UA1/UA2 

Feasibilitv  Studv 

CDF/DO  Designs 
1977-1987 
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HIRFL  STATUS  AND  HIRFL-CSR  PROPOSAL 


Ye  Feng  Wang  Yifang 

Institute  of  Modem  Physics,  253  Nanchang  Rd.,  Lanzhou  730000,  P.R.China 

Since  the  Heavy  Ion  Research  Facility  at  Lanzhou  The  layout  of  CSR  is  shown  in  the  block  of  dotted  line. 


(HIRFL)  was  put  into  operation  in  1989,  19  kinds  of  ion  have 
been  extracted  for  the  experiments  and  a  lot  of  improvements 
was  finished.  In  order  to  provide  high  quality  stable  and 
unstable  nuclear  beams  for  many  e>^periments,  the  HIRFL 
Cooler-Storage  Ring  Proposal  has  been  submitted  to  Chinese 
Academy  of  Sciences.  The  HIRFL  status  and  the  main 
performance,  lattice  as  well  as  the  main  technical  problems  of 
Cooler-Storage  Ring  (CSR)  are  described  in  this  paper. 

L  HIRFL  STATUS 

A.  Operation 

After  the  first  beam  was  extracted  from  the  main 
accelerator  SSC  (k=450)  on  Dec.12,1988,  HIRFL  has  been 
operated  successfully  except  1991  when  the  injector  SFC 
(k=69)  was  shut  down  to  upgrade  and  install  ECR  source  as 
well  as  its  beam  line.  Layout  of  HIRFL  is  shown  in  Fig.l  and 
the  accelerated  ions  are  listed  in  Table  1. 


Fig.  1  Layout  of  HIRFL 


Tl-Intemal  target  for  atomic  physics  and  RIB  physics;  T2- 
Internal  target  for  the  studies  of  exotic  nuclei  and  atomic 
physics;  T3-Extemal  target  for  cancer  therapy  research;  T4- 
Extemal  target  for  researches  on  the  properties  of  nuclear 
matter  under  extreme  conditions. 

Table  1  Accelerated  beams  and  operated 


B,  Improvements 

1.  ECR  ion  source  and  its  beam  line  installation 
In  order  to  increase  the  ion  species  and  improve  the  beam 
qualities,  a  Caprice  ECR  source  purchased  from  CENG  Lab, 
and  the  beam  line  from  ECR  to  SFC  had  been  installed  in 
1991.  To  meet  the  need  for  ions  of  heavier  element,  some 
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possible  modifications  had  been  tried.  As  a  result,  a 
considerable  increase  in  beam  current  with  a  factor  of  1.5  to  2 
is  gotten  for  Ne  and  Ar  respectively^  Meanwhile  a  new 
lOGHz  ECR  ion  source  has  been  developed  in  our  laboratory 
and  its  performance  is  satisfactory. 

2.  Upgrading  the  SFC 

To  meet  the  requirement  of  the  external  injection  system  a 
lot  of  improvements  had  been  done.  The  central  region  of 
SFC  was  redesigned.  Following  the  general  design  principles 
and  the  equations  of  motion  a  slanted  electrostatic  inflector 
had  been  designed  and  fabricated^^^  The  central  trajectories 
had  been  studied  carefully  and  in  detail.  Because  the  new 
coils  took  the  place  of  the  original  one  which  had  been  used 
for  about  30  years  and  the  external  injection  system  was 
adopted,  the  magnet  field  must  be  mapped  again.  At  same 
time  the  Dee  and  dummy  Dee  was  rebuilt.  The  electrostatic 
deflector  was  replaced  by  new  one.  Two  HIRFL-800 
cryopumps  took  the  place  of  two  oil  diffusion  pumps.  And  the 
microcomputer— CAMAC  system  is  used  to  control  SFC  and 
the  beam  line. 

3.  Bypass  beam  line  construction 

The  bypass  beam  line  from  former  beam  line  to  the  post 
one  was  constructed  to  deliver  the  beam  extracted  from  SFC 
directly  to  the  experimental  terminals  in  1993. 

4.  Improvement  of  phase  stabilization  system 

There  are  6  sets  of  RF  amplifier  with  different  frequency 
range  and  power  in  RF  system.  The  No.  0  cabinet  was  added 
as  the  reference  phase  to  improve  the  phase  stability  of  RF 
system.  Using  the  victor  resultant  principle  a  new  36(f 
phase  shifter  adjusted  by  microprocessor  with  phase 
resolution  of  better  than  ±  0.1  ^  has  been  developed  and  took 
the  place  of  the  mechanical  phase  shifter. 

5.  Development  of  HIRFL-800  cryopump 

Owing  to  larger  consumption  of  liquid  nitrogen,  the 
Balzers  cryopump  of  RKP  800  with  a  combined  pumping 
speed  of  about  200001/s  was  replaced  by  the  HIRFL  800 
cryopump  without  using  liquid  nitrogen.  Its  pumping  speed 
has  been  tested  at  a  standard  test  dome  to  be  25000  and 
270001/s  for  nitrogen  and  hydrogen  respectively. 


11.  HIRFL-CSR  PROPOSAL 

A.  General  Description 

HIRFL-CSR,  a  heavy  ion  Cooler-Storage  Ring,  is  a  new 
accelerator  plant.  It  could  provide  stable  and  unstable  nuclear 
beams  with  high  quality  for  experimental  researches.  The 
CSR  consists  of  a  main  ring  (CSRm)with  a  circumference  of 
141.051m  and  an  experimental  ring  (CSRe)  with  a 
circumference  of  70,525m.  It  will  accelerate  the  particles  up 
to  900MeV/u  for  light  heavy  ions  (Z/A=l/2)  and  600MeV/u 
for  heavier  ions  (Z/A=l/2.6)  by  using  the  existing  two 
cyclotrons  SFC  (k=69)  and  SSC  (k=450)  as  injectors 
respectively.  The  heavy  ions  from  the  injectors  will  be 
accumulated,  cooled  and  accelerated  in  the  main  ring,  and 
then  extracted  to  produce  radioactive  ion  beams  (RIB)  or  high 
charge  state  heavy  ions.  After  that  the  secondary  beams  can 
be  injected  into  the  experimental  ring  for  internal  target 
experiments.  Those  beams  stored  in  the  experimental  ring  can 
also  be  decelerated  to  low  energy  (=10MeV/u)  for  physical 
experiments,  or  reinjected  into  the  main  ring  for  acceleration 
to  high  energies  (500-900MeV/u)  for  the  internal  or  external 
target  experiments. 

The  expected  mean  luminosity  of  internal  target 
experiment  in  CSRe  will  be  of  10^^  ^  for  short  lifetime  RIB 
(0.1-100  ms)  and  of  for  long  lifetime  RIB  (0.1-5  s). 

B.  Main  Parameters  and  Lattice  of  CSR 

The  main  parameters  of  CSR  are  tabulated  in  Table  2, 
Fig.2  and  Fig. 3  show  the  distributions  of  y^-functions  and 

dispersions  for  CSRm  and  CSRe  respectively. 


Fig.2  y^-functions  and  dispersions  of  CSRm 
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Table  2  Main  Parameters  of  CSR 


Ring 

CSRm 

CSRe 

Circumference  (m) 

141.051 

70.525 

Average  radius  (m) 

22,449 

11.2244 

B/?nax/B/4n(T-m) 

10.584/0.64 

6.4/0.91 

Acceptance 

.^m.mrad) 

50 

25 

Ap/  p(%) 

1.0 

1.0 

Lattice 

rtr 

4,44 

2,35 

Qh/Qv 

4.24/3.23 

2.73/2.35 

Max.  ^  (m) 

14.94/14.11 

16.34/14.32 

Max.  D,(m) 

3.971 

3.944 

Electron  cooling 

Ee^ax  (keV) 

165 

165 

lemax  (A) 

4.8 

4.8 

cathode  diameter(mm) 

50 

50 

AJ  AM) 

6.0/6.0 

6.2/6.2 

cooling  section  length(m) 

3 

3 

RF-svstem 

harmonic  number 

1 

1 

/n,ax//n.„(MHz) 

2,0/0.2 

3.05/0.62 

voltages  (nXkV) 

2x8 

2x12 

VacuumfTorrl 

IX 10"'® 

X 

o 

c 

tJdi  ywwf  m 


I  1  I  I  I  I  I 

- betax,  betay  - Dx 


20  40  60 

ORBIT  LENGTH(M) 


electron  capture  mechanism  dominates  the  lifetimes  of 
heavier  ions  (Xe-U),  and  the  beam  loss  caused  by  Coulomb 
scattering  is  negligible.  However,  under  the  vacuum 
conditions  of  CSRm,  lifetimes  of  the  typical  heavy  ions  at  the 
injection  energies  are  longer  than  the  needed  time  for  RF 
stacking  (~5s)  and  electron  cooling  ("^Is).  This  allows  to 
obtain  high  intensity  accumulated  ion  beams. 

Besides  the  above  three  processes,  the  charge  exchange 
with  target  atoms  and  Coulomb  scattering  on  target  atoms 
have  to  be  taken  into  account  when  determining  lifetimes  for 
thin  internal  target  experiments.  In  this  case  electron  capture 
on  target  atoms  dominates  the  circulating  beam  lifetimes. 
Anyhow,  the  calculation  results  predict  that  the  CSRe  internal 
target  thickness  of  10^^  atoms/cm^  is  reasonable. 

D.  Electron  Cooling  Time 

The  electron  cooling  time  has  been  computed  by  using  the 
more  accurate  cooling  theory^"^^ .  The  results  show  that  for  the 
combination  method  of  multitum  injection  and  RF  stacking  at 
the  injection  energies,  beam  emittance  of  the  order  of 
0.1  ;7mm.mrad  is  achieved  in  a  typical  cooling  time  of  less 
than  1.0s,  while  the  longitudinal  momentum  spread  at  the  top 
of  stack  is  damped  from  2.5x10^  to  2.0x10"^  in  a  time  of 
1.0ms,  which  is  much  shorter  than  RF  stacking 
period(~20ms),  while  for  the  multiple  single-turn  injection 
the  emittance  and  momentum  spread  are  decreased  by  2 
orders  in  a  cooling  time  of  less  than  60ms  and  120ms 
respectively. 

Hence  this  fast  cooling  makes  it  possible  to  increase  the 
accumulated  ion  beam  intensity  to  a  limitation  of  space 
charge  effect  rather  than  the  phase  space  of  machine. 


Fig, 3  y^-functions  and  dispersions  of  CSRe 

C.  Lifetime  of  Stored  Ion  beams^^^ 

At  the  injection  energies  the  main  factors  defining  the 
survival  of  ion  beams  are  related  to  the  three  processes.  1. 
Single  and  multiple  Coulomb  scattering  on  residual  gas 
molecules.  2.  Charge  exchange  (i.e.,  electron  capture  and 
electron  stripping)  with  residual  gas  molecules.  3. 
Radioactive  electron  capture  (REC)  in  the  e-cooler. 

The  theoretically  calculated  partial  lifetimes  demonstrate 
that  the  REC  process  in  the  electron  cooler  restricts  the 
lifetimes  of  light  heavy  ions(C-Kr)  injected  into  CSRm,  the 
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A  REVIEW  OF  POLARIZED  ION  SOURCES 


P.W.  SCHMOR,  TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  B.C.,  V6T  2A3,  CANADA 


The  two  main  types  of  polarized  ion  sources  in  use  on 
accelerators  today  are  the  Atomic  Beam  Polarized  Ion  Source 
(ABIS)  source  and  the  Optically  Pumped  Polarized  Ion 
Source  (OPPIS).  Both  types  can  provide  beams  of  nuclearly 
polarized  light  ions  which  are  either  positively  or  negatively 
charged.  Heavy  ion  polarized  ion  sources  for  accelerators 
are  being  developed. 

I.  INTRODUCTION 

There  have  been  significant  advancements  in  the  capa¬ 
bilities  of  polarized  ion  sources  in  the  four  years  following 
the  last  review  given  to  the  Particle  Accelerator  Conference 
in  1991  [1].  Polarized  nuclei  are  an  important  nuclear  physics 
probe  and  present  day  experiments  require  that  the  polarized 
ion  source  provide  beams  with  high  polarization,  high  beam 
current,  exceptional  beam  quality  and  long  term  reliability. 
Although  polarized  ion  sources  have  been  in  use  for  nearly 
40  years,  the  development  of  enhanced  ion  source  capabili¬ 
ties  continues  to  be  driven  by  the  fact  that  the  physics  is 
fruitful  and  exciting. 

New  facilities  will  become  available  shortly  in  Japan, 
the  Netherlands,  Germany,  China  and  South  Africa.  In  addi¬ 
tion,  polarized  ion  sources  are  being  upgraded  with  major 
modifications  at  a  number  of  existing  facilities.  The  possi¬ 
bility  of  accelerating  polarized  protons  is  being  seriously 
examined  for  facilities  such  as  RHIC[2]  and  FNAL[3].  Each 
of  these  accelerators  has  its  own  particular  requirements  and 
for  optimal  performance  requires  a  unique  polarized  ion 
source.  A  number  of  recent  review  papers  provide  an  excellent 
overview  of  polarized  ion  source  design,  development  and  op- 
eration[l,4,5,6]. 

Present  day  experiments  are  often  precision  experiments 
measuring  rare  processes  and  require  intense,  stable  beams 
within  a  small  emittance.  For  example,  the  measurement  of 
the  parity  violation  amplitude  in  pp  scattering  at  TRIUMF 
requires  a  modest  polarized  current  of  only  0.5  |iA  at 
230  MeV  but  with  a  challenging  spin-flip  coherent  current 
modulation  (i.e.,  current  intensity  modulation  correlated  with 
spin  flip)  less  than  1  part  in  10^  at  a  spin  flip  rate  of  approxi¬ 
mately  100  Hz.  In  order  to  ensure  that  the  experimental 
specifications  are  met  for  stability  it  is  necessary  for  the 
source  to  produce  at  least  15  |iA.  Another  experiment,  at 
TRIUMF,  examining  pion  production  in  np  scattering  used 
cyclotron  slits  to  reduce,  substantially,  the  cyclotron  accep¬ 


tance  and  even  though  the  experiment  required  only  0.5  [lA 
at  475  MeV,  it  was  necessary  for  the  ion  source  to  provide 
more  than  8  |xA  of  polarized  H .  This  deliberate  reduction  in 
emittance  to  achieve  the  differing  experimental  requirements 
is  realized  by  making  the  phase  space  cuts  on  different  parts 
of  the  emittance  and  at  different  places  in  the  acceleration 
process.  The  ion  source  must  be  capable  of  filling,  effi¬ 
ciently,  an  acceptance  which  is  larger  than  that  required  for 
one  particular  experiment.  Many  of  the  sources  being  built 
today  are  flexible  and  include  the  possibility  to  tailor  the 
performance  to  meet  an  experiment. 

There  are  a  number  of  factors  which  must  be  taken  into 
account  in  deciding  the  best  polarized  source  for  a  particular 
accelerator.  The  experimental  program  defines  parameters 
such  as  current,  polarization,  spatial  polarization  uniformity, 
stability  requirements,  spin-flip  criteria  and  polarized  spe¬ 
cies.  The  accelerator  defines  the  allowed  beam  emittance, 
the  overall  source  size  and  the  required  ion  charge  state.  The 
administration  is  concerned  with  the  cost,  reliability  and  risk. 
The  risk  is  often  minimized  by  purchasing  an  ion  source 
from  a  commercial  company,  if  possible,  in  order  to  mini¬ 
mize  the  research  and  development  required  to  meet  the  ex¬ 
perimental  requirements.  With  regard  to  statistical  accuracy 
in  an  experiment,  a  commonly  used  figure  of  merit  to  com¬ 
pare  the  performance  of  the  various  polarized  ion  sources  is 
given  by  PT,  where  P  is  the  nuclear  polarization  and  I  is  the 
current  at  the  target. 

Polarized  ions  are  generally  produced  in  an  ion  source 
comprised  of  four  stages.  The  first  step  is  to  produce  an  in¬ 
tense  high  quality  atomic  beam.  Next  this  atomic  beam  is 
electronically  polarized  in  a  magnetic  field  by  selecting  the 
hyperfme  states  of  one  of  the  Zeeman  levels.  Occasionally 
as  in  the  optically  pumped  proton  polarized  sources,  these 
two  steps  may  overlap.  Next  nuclear  polarization  is  achieved 
by  inducing  transitions,  from  the  occupied  hyperfme  states 
(of  an  undesired  nuclear  spin  direction),  to  the  unoccupied 
hyperfine  states  (of  correct  nuclear  spin).  Finally  the  remain¬ 
ing  beam  which  is  now  nuclearly  polarized  is  ionized  in  the 
presence  of  a  magnetic  field  to  preserve  the  polarization. 
The  strength  of  this  magnetic  field  (and  therefore  the  effec¬ 
tive  transverse  emittance)  depends  on  the  particular  hyper¬ 
fine  states  being  ionized  [7,8].  Table  1  lists  the  ‘advertised’ 
performance  characteristics  for  a  number  of  polarized  ion 
sources  selected  for  their  unique  capabilities. 
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Table  1  Performance  characteristics  for  selected  polarized  ion  sources 


LAB. 

TYPE 

BEAM 

DUTY 

CYCLE 

IONIZER 

EMITTANCE 
{k  mm  mrad) 

POL’N 

(%) 

CURRENT 

(^A) 

INR 

ABIS 

IT 

0.0005 

plasma 

2.0 

0.80 

6000 

ETHZ 

ABIS 

HT 

dc 

ExB 

1.2 

0.85 

400 

INR 

OPPIS 

FT 

0.0001 

Na  vapor 

0.8 

0.65 

4000 

ETHZ 

ABIS 

H 

dc 

Na  vapor 

16 

BNL 

ABIS 

0.0003 

Cs  beam 

0.35 

0.80 

60 

INR 

ABIS 

H 

0.0003 

plasma 

0.23 

0.70 

500 

TRIUMF 

OPPIS 

ff 

dc 

Na  vapor 

0.8 

0.85 

150 

TRIUMF 

OPPIS 

H 

dc 

Na  vapor 

2.0 

1600 

KEK 

OPPIS 

D' 

0.0014 

Rb  vapor 

0.70 

KEK 

OPPIS 

D 

0.0014 

Rb  vapor 

2.0 

380 

II  ATOMIC  BEAM  ION  SOURCES 

In  an  atomic  beam  ion  source  (ABIS),  hydrogen  (or  deute¬ 
rium)  atoms  are  generated,  initially,  in  a  dissociator  by  a  ra¬ 
dio-frequency  discharge  and  then  formed  into  a  low-velocity 
(thermal)  atomic-beam  with  the  aid  of  a  cooled  nozzle  and  a 
system  of  skimmers.  Tapered  magnets  (quadrupole,  sextu- 
pole)  are  used  to  separate  (Stem-Gerlach  effect)  and  focus 
one  set  of  hyperfine  states  (with  the  electron  spin  aligned  to 
the  magnetic  field)  from  the  other  set  of  hyperfine  states 
(with  the  electron  spin  aligned  in  the  opposite  direction). 
Transitions  between  hyperfine  states  are  induced  by  applying 
appropriate  radio-frequency  fields.  These  transitions  are 
chosen  to  transform  the  separated  atomic  states  which  now 
have  a  similar  electron  spin  direction  (electron  polarization) 
to  hyperfine  states  of  similar  nuclear  polarization.  Fre¬ 
quently  a  second  set  of  separation  magnets  is  used  to  select  a 
single  hyperfine  state.  The  beam  of  atoms  in  the  selected 
state(s)  are  then  ionized  for  ion  acceleration  or  used  as  polar¬ 
ized  atoms  in  experimental  targets. 

There  are  a  number  of  approaches  being  used  to  ionize 
the  nuclearly-polarized  atomic  beam.  To  produce  positively 
charged  ions,  an  electron  impact  ionizer  is  frequently  used. 
This  is  achieved  either  by  producing  an  intense  electron 
beam  with  a  hot  filament  in  a  solenoid  magnet  or  by  using 
the  electrons  generated  in  an  electron-cyclotron-resonance 
(ECR)  heated  plasma.  Space  charge  forces  within  the  intense 
electron  beam  give  rise  to  an  energy  spread  in  the  polarized 
ions  which  limit  the  amount  of  polarized  beam  which  can  be 
matched  into  an  accelerator.  The  ECR  ionizer  avoids  the 
space  charge  problems  of  the  intense  electron  beam  by  using 
the  electrons  in  a  quasi  neutral  plasma  and  the  resulting  po¬ 
larized  beam  is  considerably  brighter  (more  current  within  a 


given  emittance).  However,  experience  has  shown  that  the 
polarization  is  slightly  degraded  (~5%)  by  the  ECR  ion- 
izer[9].  The  PSI  source,  for  example,  produces  about  150  |aA 
of  dc  positive  beam  with  about  79%  polarization  within  a 
normalized  emittance  of  less  than  1.27c  mm-mrad.  The 
ETHZ  group  has  reported  positive  currents  as  high  as  400  \iA 
using  an  ExB  ionizer  within  a  normalized  emittance  of  1.2  tc 
mm  mrad[10].  To  produce  negatively  charged  ions,  the 
positively  charged  ions  are  accelerated  to  about  5  keV  prior 
to  being  directed  through  an  alkali  vapor  target  where  about 
7%  of  the  positive  ions  are  converted  to  negative  ions  by 
double  charge  exchange.  The  achieved  intensity  was  16  |XA 
at  ETHZ.  An  alternate  approach  to  producing  the  negative 
ion  beam  has  been  to  use  charge  exchange  directly  between 
the  slow  moving  polarized,  neutral  atomic  beam  and  a 
counter-flowing,  coaxial,  neutral  beam  of  cesium  atoms  at  40 
keV.  This  approach  provides  a  highly  polarized  beam  (60 
|iA  of  0.80  polarization)  of  excellent  emittance  (-0.35  7C 
mm-mrad  normalized  by  pY)[ll],  At  the  INR  in  Moscow, 
very  high  currents  (-6  mA)  have  been  achieved  (albeit  with 
100  |LiS  long  pulses  at  a  1  Hz  repetition  rate  within  a  normal¬ 
ized  emittance  of  271  mm-mrad)  by  making  use  of  the  larger 
charge  exchange  cross-sections  of  ^IT  (compared  to  elec¬ 
trons)  in  a  plasma  to  ionize  directly  the  polarized  atoms[12]. 
A  similar  arrangement  at  INR  with  the  exception  that  the 
source  was  modified  to  make  use  of  charge  exchange  with 
^H  (instead  of  ^H^)  has  recently  yielded  a  peak  current  of  500 
[lA  of  negatively  charged  hydrogen  ions  in  a  200  |is 
pulse[13].  A  polarization  of  approximately  70%  within  a 
normalized  emittance  of  approximately  2.3  7C  mm  mrad  is 
reported  by  the  INR  group. 

The  neutral  beam  intensity  at  the  ionizer  entrance  (and 
consequently  the  source  current)  should  improve  as  the  beam 
velocity  (temperature)  is  reduced.  The  predicted  gains  in 
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polarized  currents  which  should  result  by  cooling  the  nozzle 
were  not  obtained,  initially.  The  source  must  be  treated  as  a 
whole  and  when  the  atomic  beam  velocity  is  changed,  the 
magnet  systems  must  be  re-matched  to  this  new  velocity  dis¬ 
tribution.  As  the  result  of  improved  (reliable)  computer 
tracking  programs  and  the  use  of  high  field  permanent  mag¬ 
nets,  it  has  been  possible  to  realize  a  gain  of  2  in  the  polar¬ 
ized  atomic  beam  flux  at  Madison  and  at  Heidelberg [14].  It 
appears,  from  results  obtained  at  BNL  that  additional  in¬ 
creases  by  further  lowering  the  beam  velocity  will  not  pro¬ 
vide  further  significant  increases  in  atomic  beam  flux  since 
intrabeam  scattering  prevents  the  atomic  flux  from  substan¬ 
tially  exceeding  the  10’^  atoms/cmVsec  already  achieved  by 
the  best  sources[ll].  Intrabeam  scattering  becomes  a  more 
severe  problem  as  the  temperature  (beam  velocity)  is  re¬ 
duced. 

Atomic  beam  polarized  ion  sources  have  been  used  for 
over  35  years  and  are  being  used  successfully  in  many  labo¬ 
ratories  including;  BNL,  Bonn,  Dubna,  ETHZ,  lUCF,  INR, 
Julich,  PSI,  Saclay,  TUNL,  University  of  Washington  and  the 
University  of  Wisconsin.  New  sources  are  planned  or  being 
commissioned  at  lUCF,  KVI,  NAC  (South  Africa),  RIKEN 
and  Uppsala.  Similar  technology  is  used/planned  for  polar¬ 
ized  gas  targets  at  Dubna,  Heidelberg,  Madison,  Novisibirsk, 
UNK  and  CERN. 

In  general,  a  higher  peak  current  is  obtained  from 
sources  with  a  small  duty  cycle.  The  INR  plasma  ionizer  is 
very  efficient,  ionizing  nearly  all  of  the  atomic  beam.  The 
difference  in  current  between  dc  and  pulsed  ion  sources  is 
not  due  to  the  physics  per  se  but  rather  a  consequence  of 
technology  limitations  and  the  larger  current  could,  in  prin¬ 
ciple,  be  achieved  by  steady  state  sources  given  the  correct 
technology  and  financial  resources.  Negative  beams  tend  to 
be  at  least  an  order  of  magnitude  smaller  than  positive  beams 
for  a  given  ion  source.  Each  source  has  been  designed  to  be 
compatible  with  a  particular  accelerator  or  particular  type  of 
experiment  and  consequently  does  not  have  the  same  hard¬ 
ware  nor  the  same  emittance, 

III  OPTICALLY  PUMPED  SOURCES 

A  review  of  the  status  of  optically  pumped  polarized  ion 
sources  in  1993  has  been  given  by  Mori[15].  The  optically 
pumped  polarized  ion  source  (OPPIS)  is  based  on  a  proposal 
by  Anderson[16].  Lasers  are  used  to  achieve  electronic  spin 
alignment  in  an  alkali  vapor.  Initially,  as  proposed  by  An¬ 
derson,  sodium  was  pumped  with  dye  lasers  tuned  to  the  D1 
transition  at  596  nm,  but  more  recently  titanium  sapphire 
lasers  are  being  used  to  pump  rubidium  (or  potassium)  vapor 
at  795  (770)  nm.  Protons  are  directed  at  an  energy  of  about  2 
to  5  keV  through  the  polarized  vapor  where  by  charge  ex¬ 
change  they  can  pick  up  a  spin  aligned  electron.  The  charge 


exchange  process  must  take  place  in  a  large  magnetic  field 
(~  2.5  T)  in  order  to  preserve  the  spin  alignment.  After  re¬ 
moving  any  charged  particles  by  means  of  transverse  electric 
fields  ,  the  beam  emerging  from  the  alkali  vapor  is  a  neutral 
atomic  hydrogen  beam  (at  energy  2  to  6  keV)  with  two  hy- 
perfine  states  (of  similar  electronic  spin)  predominately  oc¬ 
cupied.  This  fast  neutral  beam  has  a  number  of  advantages 
compared  to  the  thermal  ABIS  beam.  A  Sona  type  transition 
is  then  used,  as  in  the  Lamb-shift  source  to  transform  the 
electron  alignment  to  a  nuclear  alignment  prior  to  ionization. 
The  nuclearly  polarized  atomic  beam  is  ionized  in  either  an 
alkali  to  form  negative  ions  or  in  helium  to  form  positive 
ions.  Because  of  the  higher  velocity  atomic  beam  in  an 
OPPIS  compared  to  an  ABIS,  alkali  ionizers  can  operate  at  a 
sufficient  thickness  to  realize  an  equilibrium  fraction  of 
negative  ions,  by  double  charge  exchange,  without  a  sub¬ 
stantial  emittance  increase  due  to  scattering. 

Optically  pumped  polarized  ion  sources,  based  on 
charge  exchange,  have  been  developed  at  INR[17],  LAMPF 
[18],  KEK[19]  and  TRIUMF[20].  The  performance  of  the 
OPPIS  source  is  improving  rapidly.  It  has  been  only  12  years 
since  the  first  OPPIS  at  KEK[21].  The  performance  figures 
of  an  OPPIS  depend  on  the  emittance  and  duty  cycle  of  the 
ion  beam.  The  current  can  be  increased  by  opening  apertures 
until  the  ion  source  emittance  matches  the  accelerator  accep¬ 
tance.  The  efficiency  for  ionization  to  protons  is  about  a 
factor  of  ten  larger  than  the  efficiency  for  ionization  to  H 
with  the  result  that  negative  currents  from  the  source  are 
about  a  factor  of  ten  less  than  positive  currents.  Both  the 
current  and  the  polarization  also  depend  on  the  thickness  of 
alkali  vapor  that  can  be  polarized.  The  alkali  thickness  that 
can  be  polarized,  in  turn,  depends  on  the  power  available 
from  the  lasers.  Peak  power  from  lasers  can  be  substantially 
increased  through  pulsing.  Thus  for  an  accelerator  (or  for  a 
particular  experiment)  requiring  a  pulsed  polarized  beam  it  is 
possible,  under  some  conditions,  to  provide  higher  peak  cur¬ 
rents  by  matching  the  laser  repetition  rate  to  that  of  the  ac¬ 
celerator  (or  experiment).  For  a  given  laser  power,  higher 
currents  at  lower  polarization  result  from  an  increase  in  alkali 
thickness.  With  the  TRIUMF  source  operating  in  a  dc  mode 
the  measured  nuclear  polarization  (by  low  energy  polarime- 
ter)  is  about  0.85  @  150  |liA  of  H  (at  the  source)  within  a 
normalized  emittance  of  0.8  K  mm  mrad  and  after  some  op¬ 
timization  a  polarized  H  current  of  1.6  mA  within  a  normal¬ 
ized  emittance  of  2.0  K  mm  mrad  was  achieved[22].  At 
LAMPF,  0.77  polarization  was  measured  at  2  pA,  0.64  @  38 
pA  and  dropped  to  0.56  @  50  pA.  It  is  worth  noting  that  the 
usual  figure  of  merit,  P^I,  increases  with  increasing  current 
(over  the  above  range)  even  though  the  polarization  is  de¬ 
creasing. 

The  OPPIS,  based  on  charge  exchange,  has  limitations 
on  the  output  brightness  (current\emittance^)  as  a  result  of  the 
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magnetic  field  required  to  preserve  (decouple  L  &  S)  the 
electron  polarization  during  charge  transfer  as  well  as  due  to 
the  magnetic  field  of  the  ionizer  which  is  needed  to  preserve 
the  nuclear  spin  orientation.  The  charged  alkali  atoms  are 
radially  confined  by  the  magnetic  field  and  contribute  to  the 
space  charge  on  the  proton  beam.  It  seems  feasible,  certainly 
for  low  duty  cycle  operation,  to  achieve  much  higher  currents 
from  an  OPPIS.  Using  the  neutral  beam  technology,  initially 
developed  for  fusion  research,  it  is  proposed  to  develop  an 
OPPIS  which  is  conservatively  estimated  to  yield  a  highly 
polarized  10  mA  of  H  within  a  normalized  emittance  of  1.5 
7immmrad[22,23]. 

It  has  been  proposed  to  avoid  the  space-charge  problem 
by  using  spin  exchange  with  a  neutral  hydrogen  beam  instead 
of  charge  exchange  with  a  proton  beam.  The  cross  section 
for  spin  exchange  is  nearly  an  order  of  magnitude  (for  hydro¬ 
gen  atoms  in  the  few  keV  energy  range)  smaller  than  for 
charge  exchange.  Consequently  it  is  necessary  to  optically 
pump  thicker  targets.  The  availability  of  high  power  pulsed 
alexandrite  lasers  and  titanium  sapphire  has  made  the  tech¬ 
nique  feasible.  Initial  experiments  at  INR  and  TRIUMF  have 
demonstrated  a  polarization  of  0.5 [24],  The  cross  section  for 
spin  exchange  increases  as  the  energy  of  the  atomic  hydrogen 
beam  is  decreased.  Commercial  cw  titanium  sapphire  lasers 
should  already  be  capable  of  polarizing  a  sufficiently  thick 
rubidium  vapor  target  for  atomic  hydrogen  beams  at  thermal 
energies.  The  currents  for  spin  exchange  ion  sources  are 
estimated  to  be  considerably  larger  than  for  charge  exchange 
sources. 

Another  approach,  described  by  Poelker[25]  and  Jones 
[26],  is  a  combination  of  atomic  beam  techniques  and  spin 
exchange.  The  source  uses  a  dissociator  to  produce  hydro¬ 
gen/deuterium  atoms  which  are  allowed  to  diffuse  at  thermal 
energies  through  a  potassium  vapor  polarized  by  optical 
pumping.  The  electron  spin  orientation  is  transferred  to  the 
atoms  by  spin  exchange  collisions.  A  beam  is  formed  from 
the  atoms  leaving  the  potassium  spin  exchange  cell.  The 
nuclear  polarization  of  the  hydrogen/deuterium  atomic  beam 
is  then  achieved  by  a  combination  of  rf  induced  transitions 
and  separation  magnets  in  a  scheme  identical  to  that  used  in 
atomic  beam  polarized  ion  sources.  The  Argonne  group  have 
reported[23]  intensities  of  1.7  10^^  atoms/s  for  hydrogen 
which  is  almost  an  order  of  magnitude  higher  than  that  for 
conventional  atomic  beam  ion  sources.  Atomic  polarization 
exceeds  0.8  at  intensities  less  that  2.0  10*^  and  decreases  as 
the  intensity  is  increased.  With  the  addition  of  high  mag¬ 
netic  fields  surrounding  the  optical  pumped  cell,  nuclear  po¬ 
larizations  of  over  0.5  are  achieved  even  at  intensities  of  1 .6 
10‘^  atoms/s. 

The  KEK  group  has  reported  a  novel  extension  of  the 
OPPIS  technique  to  demonstrate  vector  polarized  deuterium. 
To  achieve  this  result,  they  also  polarized  the  ionizer  alkali 


by  optical  pumping  and  were  able  because  of  the  Pauli  ex¬ 
clusion  principle  to  select  either  one  of  the  two  spins  by  con¬ 
trolling  independently  the  electron  spin  alignment  of  the  two 
alkali  cells[27].  The  KEK  group  has  obtained  a  nuclear-spin 
vector  polarized  negative  deuterium  ion  beam  with  a  polari¬ 
zation  of  0.7.  This  group  has  also  recently  demonstrated  380 
|j,A  of  negative  deuterium  after  some  optimization [28]. 

IV  HEAVY  ION  SOURCES 

An  ion  source  for  polarized  beams  of  ^Li,  Yi  and  ^^Na 
was  developed  and  used  at  Heidelberg [29,30].  An  electron 
polarized  beam  was  achieved  by  passing  an  unpolarized 
atomic  beam  through  a  Stem-Gerlach  separation  magnet 
(quadrupole).  Subsequently,  three  sets  of  rf  transitions  were 
used  to  populate  appropriate  hyperfine  states  and  provide 
various  different  vector  and  tensor  nuclear  polarizations. 
Positive  ionization  was  achieved  through  surface  ionization. 
These  positive  ions  were  converted  to  negative  ions  in  a  ce¬ 
sium  vapor.  With  the  use  of  lasers  it  is  possible  to  pump 
alkali  hyperfine  states  directly.  This  technique  has  yielded 
currents  in  the  range  of  2  to  6  |xA  and  polarizations  of  about 
80%  for  beams  of  Yi  and  ^^Na.  Heavy  ion  polarized  ion 
sources  for  cyclotrons  are  under  development  at  the  Institute 
for  Nuclear  Research  in  Kiev  and  at  RCNP  in  Osaka[31,32]. 
The  INR  source  is  designed  to  provide  polarized  alkalis  and 
is  similar  to  the  Heidelberg  design.  The  RCNP  source  is  of 
the  OPPIS  design  and  will  be  used  initially  to  produce  beams 
of  polarized  ^He. 

IV  LOW  ENERGY  POLARIMETERS 

In  order  to  optimize  a  polarized  ion  source,  efficiently,  it 
is  essential  to  have  a  dedicated  on-line  low  energy  polarime- 
ter  near  the  ion  source.  There  is,  in  general,  too  much  com¬ 
petition  for  accelerator  time  to  allow  adequate  scheduling  of 
the  accelerator  and  its  polarimeters  for  ion  source  optimiza¬ 
tion.  Moreover,  experience  at  TRIUMF  has  shown  that  the 
overhead,  in  terms  of  time  and  manpower,  in  preparing  the 
cyclotron  and  high  energy  polarimeters  is  a  significant  frac¬ 
tion  of  the  optimization  process.  At  TRIUMF  two  different 
low  energy  polarimeters  have  been  extremely  useful.  The 
most  frequently  used  polarimeter,  a  Lyman-a  polarimeter, 
yields  the  polarization  of  protons  in  the  energy  range  of  1  to 
10  keV[33]  This  polarimeter  measures  the  Lyman-a  emis¬ 
sion  of  photons  by  selective  quenching  of  polarized  hydrogen 
atoms  excited  to  the  2S  metastable  states.  Count  rates  are  of 
the  order  of  0.5  MHz.  This  type  of  polarimeter  was  devel¬ 
oped  at  INR  and  is  also  being  used  at  KEK  and  TUNL.  The 
TUNL  polarimeter  uses  a  rf  spin  filter  and  is  being  used  to 
determine  both  proton  and  deuteron  polarization  [34]. 
TRIUMF  also  uses  a  nuclear  polarimeter  based  on  the 
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1:.i(p/He)a  reaction[35].  The  analyzing  power  for  detecting 
^He  at  130®  is  approximately  0.21  at  300  keV.  For  deuterons 
the  ^H(^H,n)'‘He  reaction  has  been  used  for  energies  around 
100  keV, 

V  CONCLUSION 

Todays  polarized  ion  sources  are  frequently  optimized  to 
meet  the  needs  of  a  particular  accelerator  or  experiment  and 
as  such  the  emittance,  polarization  and/or  resulting  current 
may  be  different  if  the  same  source  were  optimized  for  a 
different  accelerator.  However,  there  are  several  general 
guidelines.  First,  for  accelerators  requiring  polarized  beams 
of  negative  hydrogen,  the  best  choice  is  an  OPPIS.  Second, 
for  accelerators  requiring  polarized  beams  of  positively 
charged  hydrogen,  the  best  choice  is  not  obvious.  Third,  for 
accelerators  requiring  vector  polarized  beams  of  negatively 
charged  deuterium  the  best  choice  is  an  OPPIS.  Fourth,  for 
accelerators  requiring  beams  of  tensor  polarized  beams  of 
deuterium  the  best  choice,  at  present,  is  an  ABIS.  Much  of 
the  recent  work  on  polarized  internal  targets  overlaps  and 
complements  the  work  being  done  with  sources.  In  sum¬ 
mary,  polarized  ion  source  development  remains  a  very  ac¬ 
tive  research  endeavor  and  large  improvements  in  source 
performance  are  still  being  realized. 
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The  possibility  to  accelerate  unstable  nuclei  is 
presently  considered  to  be  one  of  the  major  opportunities 
of  nuclear  physics.  Around  the  world  a  rising  number  of 
laboratories  are  engaged  in  the  operation,  construction 
or  planning  of  accelerators  dedicated  to  production  of 
Radioactive  Ion  Beams  (RIB)  with  energies  above  the 
coulomb  barrier.  This  report  reviews  the  special  ion- 
source  technique  which  is  used  to  produce  such 
secondary  beams  suitable  for  injection  into  an 
accelerating  structure.  A  short  introduction  is  given  to 
the  already  well  developed  ion  source  and  target 
technique  in  which  on-line  nuclear  reactions  are  used 
continuously  to  produce  and  refine  the  unstable  source 
feed  material  and  convert  it  into  a  low  energy  singly 
charged  DC  beam.  Emphasis  is  then  given  to  a 
discussion  of  the  techniques  applied  to  fulfil  the 
particular  new  requirements  set  to  the  radioactive  ion 
sources  in  order  efficiently  match  modem  accelerators. 

I.  INTRODUCTION 

Facilities  that  make  use  of  Isotope  Separators  On- 
Line  (ISOL)  in  which  high  intensity  primary  beams  are 
used  to  produce  low  energy  secondary  beams  of  nuclei 
far  from  stability  have  now  been  operational  for  some 
decades.  Systematic  developments  in  that  field  now 
provide  a  large  diversity  of  techniques  for  production  of 
beams  of  unstable  nuclei  which  now  serve  as  a  solid 
basis  for  further  developments  [1].  The  many  new 
projects  and  facilities  dedicated  to  production  of 
Radioactive  Ion  Beams  (RIB)  [2]  with  energies  above 
the  coulomb  barrier  which  now  emerge  all  make  use  of 
the  on-line  mass  separator  and  its  target  and  ion-source 
technology  as  injector  or  as  starting  point  for  new 
specific  developments. 

The  interplay  between  the  four  involved  issues: 
nuclear  reactions,  target,  ion-source  A  and  Z  separation 
and  post-acceleration  has  shown  that  the  target  and  ion- 
source  are  the  most  crucial  links  of  the  chain  and  are  so 
intimately  linked  that  they  usually  are  discussed 
together.  The  techniques  used  here  distinguishes 
themselves  in  a  number  of  ways  from  current  accelerator 
ion-sources  which  are  usually  optimised  for  high  current 
of  stable  species.  This  report  starts  with  a  brief 
introduction  to  the  basic  principles  and  particularities  of 
the  target  and  ion-sources  for  on-line  mass  separators 
followed  by  selected  examples  which  illustrates  the 
diversity  of  techniques  used  and  the  directions  for  future 
developments.  Most  of  my  examples  are  taken  from  the 
field  I  am  familiar  with  where  high  energy  protons  are 


used  as  primary  beam  which  allows  to  use  thick  targets 
and  presently  are  giving  the  highest  secondary  beam 
intensities.  A  recent  discussion  of  thin  target  catcher 
systems  mainly  used  with  ISOLs  at  heavy  ion 
accelerators  is  found  in  ref  [3].  A  more  extensive 
overview  of  recent  developments  in  the  field  may  be 
found  in  the  proceedings  of  the  last  EMIS  conference 
[4.5]. 

II.  THE  PRINCIPLES  OF  ISOL  ION- 
SOURCES 

The  essential  point  in  developing  ion  sources  for 
radioactive  species  is  that  the  ion-source  feed  material 
has  continuously  to  be  produced  and  transferred  from  an 
adjacent  nuclear  target.  Many  different  nuclear  reactions 
may  be  used  for  production  and  with  few  exceptions 
they  are  very  complex  with  many  exit  channels  leading 
to  a  variety  of  short-lived  and  rare  nuclei.  Efficiency  and 
speed  are  therefore  the  essential  parameters.  The 
processes  which  are  needed  to  produce  pure  beams  of 
radioactive  nuclei  are  strongly  dependent  on  the 
physical  and  chemical  properties  of  the  individual 
element  and  have  to  be  developed  specifically  for  each 
element  or  group  of  elements.  Today  the  development  of 
such  systems  has  reached  a  stage  that  allows  the 
production  of  low-energy  beams  of  the  radioactive 
isotopes  of  most  elements  in  the  periodic  system.  The 
principles  of  the  individual  systems  vary  only  little  with 
the  chosen  primary  particles  [1]  used  to  produce  the 
radioactivity.  However,  the  variety  and  intensities  of 
beams  that  may  be  obtained  strongly  depend  on  the 
primary  beam  as  discussed  in  ref.  [6]. 

A.  Release  and  transfer  of  products  to  the  ion  source 

The  general  problem  is  one  of  mass  transfer,  i.e. 
typically  to  separate  the  10"^  to  10^^  produced  nuclei 
(per  second)  from  the  10^^  target  atoms  and  to  transfer 
them  to  the  ion  source.  The  different  steps  of  this 
process  and  the  losses  from  various  effects  are 
illustrated  in  Figure  1, 

The  separation  of  the  products  from  the  bulk  of  the 
target  can  be  done  by  merely  heating  a  target  material 
with  a  low  vapour  pressure  to  a  sufficiently  high 
temperature  so  that  the  more  volatile  nuclei  of  interest, 
which  are  stopped  in  the  target,  are  released  by  diffusion 
and  desorption  processes.  In  this  way  the  flow  of 
material  can  be  kept  sufficiently  low  to  allow  the  ion 
source  to  perform  optimally.  A  number  of  such  materials 
have  been  found  and  their  release  properties  studied  [5]. 
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The  chemical  affinity  of  the  desired  species  to  the  walls 
of  the  target  container,  the  transfer  tube,  and  the  ion 
source  chamber  determine  the  decay  losses  caused  by 
the  length  of  time  the  atoms  are  adsorbed.  This 
phenomena  may  make  apparently  efficient  ion  sources 
useless  for  radioactive  ions. 


Figure  1:  Layout  of  the  ISOLDE  concept  of  an  ion- 
source  connected  via  a  short  transfer  line  to  a  thick 
target.  Also  shown  are  the  various  mechanisms 
responsible  for  losses  in  the  transfer  of  the  reaction 
products  from  the  target  into  the  ion  beam. 

B.  Overall  efficiency 

The  obtainable  beam  intensities  I  are  determined  by 

Eq.(l) 

I  =  aON£ie2e3  (i) 

where  G  is  the  formation  cross  section,  O  is  the  primary- 
beam  intensity,  N  the  target  thicknesses,  the  release 
and  transfer  efficiency  of  the  product  from  the  target  to 
the  ion-source,  82  the  ionisation  efficiency  and  £3  the 
transfer  efficiency  determined  by  the  radioactive  decay 
losses  during  the  transfer  process.  In  favourable  cases 
the  release  from  the  target  and  the  transfer  into  the  ion 
source  £1  occurs  with  an  efficiency  of  90-100%  and  the 
ionisation  efficiency  £2  reaches  10-100%, 

C.  Time  scale  and  structure 

The  time  taken  by  the  processes  discussed  in  the 
previous  sections  resulting  in  the  efficiency  £3  caused 
by  decay  of  the  radioactive  products  can  be 
theoretically  described  in  terms  of  diffusion  and 
desorption  processes.  A  detailed  discussion  is  found  in 
Refs.  [1]  and  f].  So  far  the  fastest  systems  developed  are 
based  on  solids  in  the  form  of  foils,  wires,  and  powders, 
kept  at  high  temperature.  The  crucial  parameter  is  a 
function  p(t)  which  can  be  measured  for  the  entire 
system  but  is  often  determined  by  the  slowest  step  in  the 
process.  A  simple  description  of  this  function  is  the 


delay  half-time  i.e.  the  time  it  takes  for  one  half  of  the 
produced  atoms  to  leave  the  target.  For  a  powder  target 
characterised  by  an  average  grain  radius  R  and  a 
product  diffusion  constant  D,  in  the  case  wjiere  the 
delay  is  governed  by  the  diffusion  in  the  target  grains, 
the  delay  time  distribution  which  is  the  probability  p(t) 
per  unit  time  that  an  atom  produced  at  time  zero  crosses 
the  grain  boundary  at  time  t  is: 

,  ,  6D  ^ 

P(t)  =  2.  exp 

^  n  =  l 

Expressions  of  a  similar  type  describe  p(t)  if  the 
delay  is  governed  by  diffusion  in  target  materials  of 
other  shapes,  diffusion  in  the  pores  of  the  target 
material,  or  diffusion  to  and  in  the  source.  With 
reasonable  assumptions  for  D  and  R,  good  fits  to  the 
experimentally  observed  release  data  can  be  obtained. 
For  a  product  with  mean  lifetime  Tj^  much  shorter  than 
the  average  delay  time,  the  delay  transfer  efficiency  is 
given  by 


-nVPt 


(2) 


(3) 


D.  Charge  state  and  emittance 

A  new  requirement  to  the  ISOL  sources  is 
production  of  high  charge  states  ions  and  several  groups 
are  now  developing  ECR  and  EBIS  technique  for  fast 
ionisation  of  radioactive  species.  The  emittance  of  most 
the  ISOL  sources  are  around  25tc  mm  mr  or  a  few  eV 
which  may  be  further  improved  by  cooling  in  traps  as 
discussed  below. 

III.  ION  SOURCES 


A.  Surface  ionisation  sources. 

The  concept  of  surface  ionisation  has  proven  to  be 
particularly  successful  for  production  of  singly  charged 
positive  and  negative  radioactive  ion-beams  due  to  its 
simplicity,  high  efficiency  and  selectivity.  As  shown  by 
the  Langmuir  equation  ionisation  efficiencies  for 
positive  ions  of  50-100%  may  be  obtained  for  elements 
with  ionisation  potential  <5  eV  and  of  negative  ions  for 
elements  with  electron  affinity  >  2  eV.  For  further 
details  see  ref.  [8].  A  typical  example  of  this  type  of  ion 
source  developed  at  ISOLDE  [9]  for  selective  production 
of  the  halogens  is  seen  in  Figure  2.  Here  the  vapour  flow 
of  mixed  nuclear  reaction  products  are  allowed  to 
impinge  onto  an  LaB^  surface.  Due  to  its  low  work 
function  ((\>-2.6  eV)  elements  with  high  electron  affinity 
like  the  halogens  will  be  ionised  with  high  selectivity.  In 
fact  ionisation  efficiencies  of  10-50%  for  the  elements 
Cl  Br  I  and  At  were  obtained.  Contrary  to  its  positive 
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counterparts  the  negative  ionising  surface  presents  some 
drawbacks.  The  low  work  function  materials  are  like  the 
LaB5  all  chemical  compounds  which  are  prone  to 
poisoning  and  decomposition  at  the  high  temperatures 
needed  in  order  to  obtain  short  delays.  For  this  reason 
the  LaBg  source  can  only  be  operated  at  1000°C  for 
extended  periods.  This  temperature  is  too  low  in  order 
rapidly  to  desorb  and  efficiently  ionise  the  number  of 
other  elements  with  interesting  high  electron  affinities. 
In  principle  the  problem  can  be  solved  by  replacing  the 
LaB6  pellet  by  a  flow  of  Ca  vapours  [10]  which  allows 
to  rise  the  temperature  while  maintaining  a  low  work 
function  of  the  tubular  ionising  surface  by  constantly 
recovering  it  with  a  low  work  function  layer.  New 
developments  in  which  high  ionisation  efficiencies  of 
Cr  and  Na'  ions  have  been  obtained  from  a  tubular  W- 
ionise  kept  at  2000°C  and  covered  by  Ba  vapour  have 
recently  been  reported  [11]. 


Figure  2:  Surface  ionisation  source  for  production  of 
negative  ions.  H  magnetic  field,  U1  electron  suppression 
electrode  U2  extraction  electrode. 

B.  High  power  density  target  for  high  energy  protons 

At  ISOLDE  0.6-1  GeV  protons  with  a  maximum 
current  of  4  |iA  has  been  used  successfully  in 
conjunction  with  thick  targets  of  up  to  100  g/cm^.  A 
Radioactive  Ion  Source  Test  (RIST)  [10]  aiming  at  the 
development  of  a  target  and  ion  source  to  produce 
higher  intensity  RIBs  is  presently  being  carried  out  at 
RAL  where  at  the  ISIS  spallation  neutron  source  0.8 
GeV  proton  currents  of  up  to  200  mA  are  available.  The 
RIST  target  will  use  the  concept  of  the  ISOLDE 
Tantalum  foil  target  for  simplicity  equipped  with  a  W- 
surface  ioniser  which  will  allow  a  test  of  the  production 
of  neutron  rich  Li,  Na,  K  and  proton  rich  Rare  earth 
elements.  This  target  material  which  operates  at  2400 
°C  will  be  heated  by  the  proton  beam  only  and  the 
crucial  point  is  one  of  cooling  since  the  ISIS  proton 


beam  will  dissipate  up  to  30  KW  of  power  in  the  target. 
Off  line  heating  tests  show  that  for  a  proton  beam  of  up 
to  100  |iA  the  cooling  of  such  a  target  may  still  be 
achieved  by  means  of  simple  radiation  cooling  provided 
the  foil  lay  out  is  changed  such  that  good  thermal 
contact  between  the  foils  and  the  outer  tube  is  obtained. 
This  is  achieved  as  shown  in  Figure  3  by  welding  discs 
and  spacers  together  to  form  a  cylindrical  target  with  a 
tapered  hole  through  the  centre  which  assures  a  uniform 
beam  power  dissipation  along  the  length  of  the  target, 
helping  temperature  uniformity.  At  the  same  time  the 
delay  time  is  shortened  due  to  the  lower  pumping 
impedance  as  compared  to  the  usual  ISOLDE  targets 
which  employs  Ta  powder  or  foil  rolls. 


ioniser 

(m\f) 


B^arode  (Earth) 


(27kV> 

Thefiroo^uple 


Figure  3.  Details  of  the  RIST  Ta-disk  target  with  a 
tubular  W-surface  ioniser.  Electron  beam  heating  is  used 
to  outgas  the  target  or  to  keep  it  at  operating 
temperature  also  at  lower  beam  currents. 


C.  Hot  cathode  discharge  ion  sources 

Although  the  special  version  of  the  surface  ion- 
source  the  thermoionising  cavities  allows  quite  efficient 
ionisation  of  elements  with  ionisation  potentials  up  to 
~7  eV  [13]  electron  impact  ionisation  in  various  types  of 
plasma  discharge  ion  sources  are  generally  used  for 
ionisation  of  elements  with  ionisation  potentials  >6  eV. 
Due  to  the  distribution  of  electron  and  ion  energies  in 
the  plasma  these  ion  sources  have  low  chemical 
selectivity  and  ionises  quite  efficiently  all  elements  that 
can  be  kept  predominantly  in  the  gas  phase. 

The  main  type  of  such  sources  especially  developed 
for  ISOL  applications  is  the  FEBIAD-source  [14]  of 
which  the  ISOLDE  version  [15]  is  shown  in  Figure  4. 
The  advantage  of  this  source  is  that  it  avoids  the  arc 
threshold  pressure  and  associated  instabilities  by 
extracting  the  primary  electrons  by  means  of  a  grid.  This 
allows  the  source  to  ionise  many  elements  heavier  than 
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Ne  with  efficiencies  of  20-70%  and  widely  independent 


Figure  4:  FEBIAD  target  and  ion  source  unit  with  ohmic 
loss  heated  cathode  and  body  which  allows  to  operate  at 
1800-2000  “C. 


D.  Electron-Cyclotron  Resonance  (ECR)  ion  sources 

One  would  think  that  the  ECR  ion  source  is  the 
obvious  accelerator  source  also  for  high-charge-state 
radioactive  ions.  In  fact  it  has  already  been  introduced 
at  ISOL  because  of  its  very  high  efficiency  for 
production  of  singly  charged  ions  of  the  light  gaseous 
elements  [16,  17,  18,  19].  In  particular  the  absence  of 
the  hot  cathode  avoids  the  very  high  losses  due  to 
adsorption  of  the  elements  C,  N  and  O  on  hot  metallic 
surfaces.  For  ionisation  of  less  volatile  metallic 
elements  the  cold  enclosure  may  cause  unacceptable 
delays  despite  its  attractive  efficiency  of  around  1%  for 
a  given  high  charge  state  metallic  ion.  Presently  this 
source  type  receives  much  attention  in  order  to  solve 
this  problem  as  well  as  its  quite  high  emittance.  The 


Figure  5:  ECR  ion  source  with  permanent  magnets 
combined  with  a  porous  carbon  target  at  high 
temperature. 


present  status  is  illustrated  in  Figure  5  which  shows  the 
NANOGAN  ECR-source  coupled  to  a  GANIL  target  for 
which  on-line  efficiencies  of  ^^Ne^+have  been 
measured  to  be  20%  [20,  21]. 

E  Resonant  laser  ionisation  sources 

The  most  selective  ion  source  principle  is  based  on 
resonance  excitation  of  atoms.  Laser  ion-sources  where 
2  to  3  beams  of  intense  laser  light  which  is  at  least 
resonant  in  one  step  followed  by  transitions  which  lead 
into  auto-ionising-  or  Rydberg  states  have  been  used 
both  at  ISOL  [22]  and  for  trace  analysis  [23]  to  ionise  a 
number  of  metallic  elements  with  efficiencies  of  20- 
30%.  Presently  only  low  duty  cycle  pulsed  lasers 
(lOkHz)  are  used  to  saturate  the  transitions.  In  order  to 
overcome  the  losses  the  photo  ions  are  stored  between 
laser  pulses  in  the  potential  trough  of  a  gas  cell  [24]  or  a 
hot  cavity  [25]  as  shown  in  Figure  6.  The  consequently 
bunched  ion-beam  structure  may  be  useful  for  post 
acceleration.  By  combining  this  principle  with  laser 
ablation  more  freedom  in  the  timing  of  the  bunching 
may  be  obtained  [26]. 


Figure  6:  Layout  of  the  ISOLDE  laser  ion  source 

F.  Penning  trap  and  EBIS  as  charge  breeder 

An  alternative  solution  to  obtain  the  needed  high 
charge  states  directly,  is  to  divide  the  mass  transfer 
process  into  the  following  separate  steps:  release  and 
singly  charge  ionisation,  transfer  of  the  singly  charged 
ions  away  from  the  hostile  target  region  to  a  first 
magnetic  analysis  stage,  bunch  and  cool  the  singly 
charged  ions  in  an  electromagnetic  trap  [27]  and  transfer 
them  to  an  Electron  Beam  Ion  Source  (EBIS)  acting  as 
a  charge  breeder  before  final  acceleration.  Such  a  novel 
and  highly  efficient  acceleration  scheme  has  recently 
been  proposed  by  the  ISOLDE  collaboration  [28,  29]. 
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The  singly  charged  radioactive  ions  presently  being 
delivered  by  the  ISOLDE  on-line  mass  separators  are 
continuously  injected  into  a  large  Penning  trap  where 
they  are  stopped  by  collisions  with  the  atoms  of  a  buffer 
gas  accumulated  and  finally  extracted  in  pulses.  That 
this  scheme  allows  to  accumulate  and  eject  10^-10^ 
ions/bunch  with  an  efficiency  that  approaches  100%  and 
an  emittance  <  10  7i  mm  mrad  has  recently  been 
demonstrated  [30,  31]. 

Due  to  the  low  emittance  the  bunches  from  the 
Penning  trap  can  now  without  losses  be  transferred  to 
the  EBIS  structure  [32]  as  shown  in  Figure  7.  Here  the 
ions  are  captured  in  the  radial  potential  well  of  an 
intense  electron  beam  where  they  undergo  stepwise 
electron  impact  ionisation  until  the  desired  charge  state 
is  reached.  The  advantages  of  this  scheme  are  the  more 
narrow  charge  state  distribution  compared  to  the  ECR 
sources  and  its  independence  of  the  chemical  properties 
of  the  elements.  The  total  efficiency  of  external  ion 
injection  into  the  CRYSIS  of  the  Manne  Siegbahn 
Laboratory  and  the  subsequent  ejection  was  measured  to 
be  14.5%  and  independent  of  ion  confinement  times  up 
to  200  ms  [33].  Similar  measurements  performed  at 
DIONE  at  Saclay  [34]  showed  total  efficiencies  for  N''^ 
and  Ar'+  of  59%  and  52%  respectively  and  after  a 
confinement  time  of  40  ms  an  efficiency  of  30%  for 
and  9.4%  for  Ar''**  . 


IV.  CONCLUSION 

Space  did  not  allow  to  make  a  complete  review  of 
the  field  of  ion-sources  for  RIB  accelerators.  Instead 
references  were  given  to  the  field  of  ISOL  ion-sources 
which  forms  the  basis  for  the  new  developments.  By 
means  of  a  few  examples  it  is  demonstrated  that  the 


field  is  rapidly  developing.  In  particular  recent 
development  of  elegant  ion  handling  techniques  by 
means  Penning  traps,  EBIS,  ECR-  and  Laser  ion  sources 
holds  much  promise  for  new  and  exciting  physics  with 
RIB  in  the  coming  years. 
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ABSTRACT 


The  TRIUMF  optically-pumped  polarized  H"  ion  source 
(OPPIS)  produces  in  excess  of  150  uA  DC  of  H‘  ion  current  at 
85%  polarization  within  a  normalized  emittance  of  0.8  pi  mm 
mrad.  A  20  uA  beam  was  accelerated  to  500  MeV  through  the 
small  acceptance  of  the  injection  line  and  the  cyclotron.  A 
feasibility  study  of  higher  current  production  for  application  to 
multi-GeV  accelerators  has  been  performed.  A  polarized  H'  ion 
current  of  1.6  mA  within  a  normalized  emittance  of  2.0  pi  mm 
mrad  was  obtained  after  upgrading  the  ECR  primary  proton 
source.  The  source  performance  now  well  exceeds  the  original 
design  parameters  and  clearly  confirms  the  potential  of  the  OPPIS 
technique  for  other  accelerators. 


I.  INTRODUCTION 


Early  OPPIS  development  immediately  demonstrated  high 
current  in  pulsed  mode  [1,2].  Polarization  was  initially  limited  to 
65-70%  at  the  KEK,  INR  and  LAMPF  OPPIS’s.  At  TRIUMF,  the 
use  of  a  higher  magnetic  field,  Ti: sapphire  lasers  for  optical 
pumping  of  Rb  vapour  and  optimization  of  all  source  parameters 
resulted  in  85%  H’  nuclear  polarization,  as  measured  in  a  beam 
injection  line  polarimeter  [3].  Depolarization  during  acceleration 
due  to  weak  imperfection  resonances  was  recently  studied  and 
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minimized  by  tuning  the  cyclotron  harmonic  coils  so  as  to  reduce 
betatron  oscillations.  As  a  result,  a  proton  polarization  of  82% 
was  measured  at  200  MeV,  79%  at  350  MeV  and  76%  at  the  full 
500  MeV  beam  energy.  At  present  the  TRIUMF  OPPIS  delivers 
polarized  beam  to  a  number  of  experiments  for  30-40%  of  the 
cyclotron  running  time.  The  most  demanding  of  these  is  study  of 
parity  violation  in  proton-proton  scattering  at  220  MeV  [4]. 
Although  the  latter  requires  only  0,5  uA  at  the  target,  to  satisfy 
requirements  for  beam  quality  -  especially  modulation  of  beam 
current,  energy  and  emittance  correlated  with  spin  reversal  -  we 
must  sacrifice  most  of  the  beam  intensity  by  using  a  low  Rb 
vapour  thickness,  a  narrow  stripping  extraction  foil  and  no 
buncher.  Therefore,  increasing  the  current  is  a  high  priority. 

After  PAC93,  where  a  high  current  pulsed  OPPIS  for  high 
energy  accelerators  was  proposed  [5],  TRIUMF  and  INR 
Moscow  joined  the  SPIN  Collaboration,  which  is  working  on  a 
proposal  for  polarization  experiments  at  the  FNAL  Tevatron- 
CoUider  [6].  A  pulsed  polarized  H'  current  of  1.2  mA  is  required 
to  operate  the  Tevatron- Collider  with  equal  luminosity,  whether 
the  beam  is  polarized  or  not.  Demonstration  of  such  current 
production  was  considered  a  major  milestone  in  development  of 
polarization  facilities.  We  are  approaching  this  goal  in  three  ways. 
First,  by  upgrading  the  TRIUMF  DC  OPPIS,  the  results  of  which 
are  presented  in  this  paper.  A  second  approach  is  based  on  the 
INR-type  scheme  which  uses  an  external  atomic  hydrogen 


Fig.  1.  1)  ECR  Proton  Source,  2)  Superconducting  Solenoid,  3)  Optically-Pumped  Rb  Cell,  4)  Deflection  Plates,  5)  Sona 
Transition  Region,  6)  Ionizer  Cell,  7)  Ionizer  Solenoid,  8)  Quartz  Tube,  9)  ECR  Cavity,  10)  Three  Grid  Extraction  System, 
1 1)  Boron-Nitride  End  Cups,  12)  Indium  Seals. 
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injector  instead  of  an  ECR  primary  proton  source  [5].  The  third 
option,  the  use  of  spin-exchange  polarization,  has  been  studied 
experimentally  at  the  INR  [7]  and  TRIUMF  OPPIS's  [3].  Results 
are  promising  for  future  OPPIS's  in  the  10-20  mA  range. 

II.  THE  ECR  PROTON  SOURCE  UPGRADE 

The  OPPIS  current  is  essentially  determined  by  the  electron- 
cyclotron-resonance  primary  proton  source  (ECRIS),  since  the 
optimal  neutralization  efficiency  in  the  optically-pumped  Rb 
vapour  is  50-70%  ,  the  sodium  ionizer  efficiency  is  constant  (9% 
at  2-5  keV  beam  energy)  and  the  emittance  specification 
determines  the  ionizer  diameter.  The  OPPIS  ECR  source 
operation  is  quite  different  from  conventional  ECR  ion  sources 
developed  for  multiply  charged  heavy  ion  production.  Obtaining 
a  high  polarization  requires  a  high  25  kG  magnetic  field  in  the 
optically  pumped  cell  and  ion  extraction  region.  The  highest 
frequency  (28  GHz)  microwave  generator  in  use  for  an  ECRIS 
is  operating  at  the  TRIUMF  OPPIS.  Despite  that,  the  resonant 
field  is  only  10  kG  and  the  mirror  ratio  of  2.5  is  too  large 
compared  with  other  sources.  Also  the  OPPIS  ECRIS  should  be 
optimized  for  proton  production,  and  therefore  the  electron 
temperature  in  the  plasma  should  be  of  order  100  eV  compared 
with  several  keV  in  a  conventional  ECR  ion  source. 

The  TRIUMF  OPPIS  and  ECRIS  are  presented  in  Fig. la,  b. 
The  microwave  power  up  to  800  W  which  is  required  for 
saturating  the  proton  current  yield  is  produced  by  a  CW  extended 
interaction  oscillator  (VARIAN  VKQ2435F3).  The  power  is 
introduced  transversely  into  the  plasma  cavity.  The  plasma 
volume  is  confined  within  a  quartz  tube  and  boron-nitride  end 
cups.  The  latter  prevents  coating  of  the  quartz  by  sputtered  metal 
and  extends  the  quartz  liner  lifetime.  The  tube  also  serves  as  the 
microwave  input  window.  It  is  sealed  at  the  ends  by  indium  O- 
rings  and  is  cooled  by  flowing  nitrogen  gas  around  it.  A  high 
sensitivity  of  the  polarized  current  to  the  magnetic  field  shape  and 
superconducting  solenoid  alignment  was  observed.  The  solenoid 
has  three  independent  coils  which  allow  control  of  the  magnetic 
field  shape.  No  multipole  magnetic  field  is  used  because  no 
substantial  improvement  was  observed  with  a  sextupole  magnet 
in  earlier  tests.  The  magnetic  field  optimized  for  polarized 
current  production  is  presented  in  Fig. lb.  It  is  characterized  by 
a  very  short  and  shallow  ECR  zone.  Apparently  we  have  a 
combined  action  of  ECR  and  non-resonant  microwave  electron 
heating.  In  the  latter  case  the  microwave  power  is  absorbed  at 
magnetic  fields  above  resonance.  Non-resonant  microwave 
heating  is  more  efficient  at  higher  gas  pressures  and  results  in  low 
electron  and  ion  temperatures,  exactly  what  is  required  for  high 
extracted  current  density  and  low  emittance. 

An  ion  extraction  system  (lES)  should  take  advantage  of  the 
low  plasma  temperature.  To  get  high  current  at  the  low  beam 
energy  required  for  polarization  by  charge-exchange  collisions, 
a  multi-hole  lES  is  used.  The  lES  consists  of  three  1mm  thick 
planar  molybdenum  electrodes  spaced  1.2mm  apart,  having 
0.95mm  diameter  apertures  in  a  hexagonally  close-packed 
configuration  with  a  1.15mm  distance  between  centers.  Precise 
manufacturing  and  alignment  of  multihole  electrodes  is  required. 
The  three  electrodes  are  now  drilled  together  (by  a  spark-erosion 
technique).  Slight  differences  in  hole  sizes  and  positions  don't 
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degrade  system  performance,  since  each  set  of  three  holes  is 
perfectly  aligned.  Equally  important  is  that  the  cost  of 
manufacturing  is  much  lower  now,  so  experiments  with  a  large 
number  of  holes  are  possible. 

As  a  result  of  the  above  improvement  the  polarized  H'  ion 
current  became  rather  reproducible  and  systematic  studies  of  the 
current  dependence  on  the  proton  beam  energy,  the  lES  gap 
width  and  the  microwave  power  were  made.  The  polarized  H'  ion 
current  dependence  on  the  Rb  vapour  thickness  for  different  sets 
of  extraction  grids  is  presented  in  Fig.  2. 
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Fig.  2.  Rb  vapour  thickness  (10  atoms/cm  ) 

The  currents  are  quite  accurately  proportional  to  the  number  of 
lES  holes.  The  maximum  polarized  current  per  hole  is  about  8  uA 
at  a  Rb  vapour  thickness  of  10^^  at/cm^  where  85%  H  nuclear 
polarization  could  be  obtained.  The  diameter  of  the  199  hole  lES 
is  only  17.5  mm  and,  apparently,  a  larger  diameter  lES  could 
produce  higher  current.  The  higher  gas  flow  should  be  handled 
with  a  proper  vacuum  system.  The  possibility  of  gas  flow  pulsing 
could  be  also  considered.  DC  operation  imposes  severe 
requirements  on  the  lES.  The  electrode  heating  and  sputtering 
reduces  the  grid  lifetime.  To  balance  cost  and  performance  for  the 
DC  source  we  used  grids  with  relatively  thick  walls  between 
holes.  For  example,  the  wall  thickness  is  1 .2mm  for  the  121  hole 
lES.  The  lifetime  of  such  a  grid  is  about  1500  hours  in  DC  mode. 
In  pulsed  operation,  the  grid  transparency  could  be  increased,  and 
hence  larger  currents  could  be  obtained  for  the  same  beam  size. 

III.  POLARIZATION  MEASUREMENTS 

The  H'  nuclear  polarization  was  measured  at  300  keV  in  a 
polarimeter  based  on  the^Li(p,^He)‘^He  reaction.  This  polarimeter 
was  calibrated  by  comparison  with  the  reference  200  MeV 
polarimeter.  In  all  experiments  spin  reversal  at  40  s'*  and  a 
synchronous  detection  technique  for  noise  reduction  were  used. 
Proton  polarization  measurement  accuracy  was  +/-1.5%  with  a  5 
minute  integration  time.  For  Rb  thickness  and  polarization 
measurements  the  well  developed  technique  of  Faraday  rotation 
was  used.  The  results  of  polarization  measurements  for  a  61  hole 
lES  -  a  9mm  diameter  primary  proton  beam  -  are  presented  in 
Fig. 3.  With  two  Tirsapphire  lasers,  laser  power  density  of  14 
W/cm^  was  available  for  optical  pumping  of  the  9  mm  diameter 
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Fig.  3.  Rb  vapour  thickness  (10  atoms/cm  ) 

Rb  vapour  column  overlapping  the  proton  beam.  For  the  199  hole 
IBS  the  beam  cross-sectional  area  is  2.5  cm^  and  a  laser  power  of 
about  50  W  is  required  to  get  80-85%  H  polarization.  This  power 
can  be  easily  produced  by  a  pulsed  laser.  KEK  has  loaned  a 
pulsed  Ti: sapphire  laser  for  experiments  at  TRIUMF.  The  laser 
was  tested  for  long  pulse  duration,  and  120  us  was  obtained  with 
power  above  1  kW.  The  polarization  measurements  were  done 
with  a  relatively  large  20  mm  diameter  ionizer  aperture.  The  Sona 
region  is  very  close  to  the  ionizer,  so  the  ionizer  diameter 
determines  the  beam  diameter  in  the  transition  region  and  hence 
possible  polarization  losses.  The  observed  polarization  is 
consistent  with  our  best  results  for  a  31  hole  lES  and  12  mm 
diameter  ionizer,  so  we  conclude  that  Sona  depolarization  is 
negligible  with  the  larger  beam  diameter. 

IV.  PULSED  OPPIS  WITH  THE  BINP  ATOMIC 
HYDROGEN  INJECTOR 

The  results  of  the  high  current  test  with  the  TRIUMF  OPPIS  are 
important  for  estimates  of  the  current  expected  from  the 
INR-type  pulsed  OPPIS  with  BINP  (Novosibirsk)  atomic  H 
injector  [5],  The  full  ECRIS  proton  current  was  as  high  as  170 
mA  for  a  199  hole  lES  and  the  corresponding  emission  current 
density  was  120  mA/cm^.  The  use  of  the  atomic  injector,  having 
similar  current  density  but  much  smaller  beam  divergence,  should 
increase  polarized  current  to  at  least  5  mA.  Experiments  at  BINP 
are  now  in  progress  to  study  the  limits  on  the  OPPIS  pulsed 
polarized  current. 

V.  CONCLUSIONS 

An  accelerated  polarized  beam  current  of  20  uA  was  observed 
at  the  TRIUMF  cyclotron.  The  polarization  of  the  injected  beam 
was  85%.  Extracted  beam  polarizations  of  82%  at  200  MeV  and 
76%  at  500  MeV  were  obtained.  Following  high  current 
development,  highly  polarized  150  uA  was  obtained  within  a 
normalized  emittance  of  0.8  pi  mm  mrad,  making  feasible  50  uA 
accelerated  polarized  current  for  experiments  at  TRIUMF.  We 
note  that  10  times  higher  polarized  proton  current  (i.e.  1.5  mA 
DC)  can  be  obtained  using  a  gaseous  helium  ionizer  instead  of 
sodium  vapour. 


Higher  current  production  was  studied  for  the  proposed 
polarization  facilities  at  the  FNAL  Tevatron-Collider.  A  polarized 
H'  current  of  1.64  mA  DC  within  a  normalized  emittance  of  2.0 
pi  mm  mrad  was  obtained  at  an  optically  pumped  Rb  vapour 
thickness  of  10'"^  atoms/cm^.  H'  nuclear  polarization  of  85%  was 
measured  for  a  61  hole  lES  with  14  W/cm^  laser  power  at  a  Rb 
vapour  thickness  of  10^"*  atoms/cm  ^  and  a  20  mm  diameter 
sodium  ionizer  cell.  Modified  for  pulsed  operation,  the  TRIUMF 
OPPIS  should  produce  at  least  2  mA  polarized  H  ion  current,  so 
the  1.2- 1.5  mA  desired  for  the  FNAL  project  could  be 
comfortably  met  with  the  existing  very  reliable  ECR  source 
technique.  The  use  of  the  BINP  atomic  hydrogen  injector  should 
boost  pulsed  polarized  H‘  current  to  at  least  5  mA. 
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Powerful  CW  proton  linear  accelerators  (  100  mA  at 
0.5  -  1  GeV)  are  being  proposed  for  spallation  neutron 
source  applications.  These  production  accelerators  require 
high  availability  and  reliability.  A  microwave  proton 
source,  which  has  already  demonstrated  several  key  beam 
requirements,  was  operated  for  one  week  (170  hours)  in  a 
dc  mode  to  test  the  reliability  and  lifetime  of  its  plasma 
generator.  The  source  was  operated  with  570  W  of 
microwave  (2.45  GHz)  discharge  power  and  with  a  47-kV 
extraction  voltage.  This  choice  of  operating  parameters 
gave  a  proton  current  density  of  250-mA/cm^  at  83%  proton 
fraction,  which  is  sufficient  for  a  conservative  dc  injector 
design.  The  beam  current  was  60  -  65  mA  over  most  of  the 
week,  and  was  sufficiently  focused  for  RFQ  injection. 
Total  beam  availability,  defined  as  47-keV  beam-on  time 
divided  by  elapsed  time,  was  96.2%.  Spark  downs  in  the 
high  voltage  column  and  a  gas  flow  control  problem  caused 
all  the  downtime;  no  plasma  generator  failures  were 
observed. 

I.  INTRODUCTION 

Several  new  applications  for  high-power  proton  linacs 
axe  being  proposed  [1]  for  spallation  neutron  sources  with 
nuclear  processing  applications  such  as  transmutation  of 
nuclear  waste  and  the  production  of  tritium.  Proton  injector 
requirements  for  these  linacs  have  been  summarized  [2], 
and,  for  radio  frequency  quadrupole  (RFQ)  injection, 
parameters  are  typically  110-mA  proton-beam  current  at  75 
keV.  At  these  beam  parameters  the  ion  source  reliability 
and  longevity  become  difficult.  One  MW  accelerators  at 
Villigen,  Switzerland  and  Los  Alamos,  New  Mexico  use  a 
dc  filament-driven  volume  source  [3]  and  a  pulsed 
duoplasmatron  [4]  todeliver  the  required  proton  currents. 
The  basic  technology  accelerator  (BTA)  in  Japan  [5]  is 
using  a  filament-driven  volume  source. 

A  microwave  proton  source  [6]  has  been  chosen  for 
the  dc  ion  source  at  Los  Alamos  for  the  high-intensity  linac 
injector.  Its  higher-power  efficiency  and  lower  H2  gas 
consumption  [2]  suggest  it  may  be  a  more  reliable,  longer- 
lived  proton  source.  Long  lifetime  electron-cyclotron 
resonance  (ECR)  oxygen  ion  sources  similar  to  this 
microwave  proton  source  have  been  reported  [7].  This  paper 
reports  on  a  170  hour  continuous  run  in  which  the 
microwave  source  produced  60  -  65  mA  hydrogen-ion 
current  at  47  keV  without  a  plasma- chamber  fault. 

II.  EXPERIMENT 

This  experiment  was  performed  on  the  50-keV  injector 
brought  from  Chalk  River  Laboratories  (CRL)  to  Los 
Alamos.  The  microwave  proton  source  power  supplies 


operate  at  ground  potential  except  for  the  gas-flow 
controller  which  is  powered  through  a  small  isolation 
transformer.  Figure  1  shows  the  ion-source  and 
accelerating-column  installation  at  Los  Alamos  [8].  As 
configured,  this  injector  cannot  meet  the  energy  and  current 
requirements  of  the  proposed  CW  linacs;  an  advanced 
injector  to  nieet  these  requirements  has  been  designed  [2], 
and  is  now  undergoing  tests  at  Los  Alamos. 


Microwave  Gas  flow  Microwave  plasma  SOkVaccel 

waveguide  control  generator  column 

Figure  1.  Installation  of  the  50-keV  injector  at  Los  Alamos. 
Locations  for  the  2.45-GHz  microwave  waveguide,  the  gas- 
flow  controller,  the  microwave  plasma  generator,  and  the 
50-keV  accel  column  are  shown  in  the  picture.  The 
isolation  transformer  is  located  immediately  under  the  gas- 
flow  controller. 

The  47-keV  extraction  voltage  was  chosen  to  provide 
a  well-focused  beam  with  >  200-mA/cm^  proton  current 
density.  The  advanced  injector  would  attain  the  required 
llO-mA  proton  current  through  a  4.2-mm  radius  emission 
aperture  at  200  mA/cm^  current  density.  The  present 
experiment  was  operated  with  >  60-mA  hydrogen-ion 
current  extracted  tl^ough  a  r^  =  2.5-mm  radius  emission 
aperture.  The  83%  proton  beam  fraction  measured  at  the 
conclusion  of  the  seven-day  run  is  shown  in  Fig.  2.  The 
proton  current  density  jp  =  (60  mA)(0.83)/(7cre^)  =  250 
mA/cm^  thus  exceeds  the  advanced  injector  design 
requirement  by  25%.  The  ion  source  was  run  with  570  W 
forward  power  with  1  -  10  W  reflected  power  at  the  2.45 
GHz  operating  frequency.  The  H2  gas  flow  was  2,7  seem, 
which  implies  13%  efficiency  for  conversion  of  H2  gas  into 
proton  beam  current.  The  47-keV  hydrogen-ion  beam  was 
dumped  on  a  watercooled  copper  beam  stop.  Taking  the 
copper  sputtering  coefficient  S  =  3.7  X  10'^  atoms/ion  and  a 
1  cm  beam  radius,  a  beam  dump  lifetime  of  274  days  was 
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calculated.  No  beam  dump  problems  were  encountered 
over  this  seven  day  run. 

During  preparation  for  the  seven-day  longevity  test,  a 
problem  with  the  0-ring  seal  at  the  microwave  window  was 
encountered.  The  vacuum  interface  between  the  WR284 
waveguide  and  plasma  chamber  is  formed  by  a  2-mm 
thick  piece  of  jduminum  nitride  (AIN)  which  compresses 
an  0-ring  seated  in  the  back  wall  of  the  plasma  chamber. 
During  earlier 


before  failing.  The  ion  source  longevity  is  now 
demonstrated  to  be  greater  than  170  hours. 


Figure  3.  Beam  availability  vs.  elapsed  time  curve.  Beam 
availability  is  defined  as  the  47  keV  beam-on  time  divided 
by  the  elapsed  clock  time. 

B.  Beam  Emittance  Measurement 


Time  (ms) 

Figure  2.  Hydrogen-ion  beam  fractions  measured  at  the 
conclusion  of  the  seven  day  run.  The  beam-fraction 
diagnostic  uses  a  massively  cooled  0.15-mm  slit,  a  ramped 
magnetic  dipole  field,  and  a  collector  cup  which  samples 
the  separated  hydrogen-ion  currents. 

discharge  operation,  this  0-ring  failed  unpredictably.  The 
problem  was  solved  by  installing  a  0.025-mm  metal  sheet 
at  the  AIN  window-O-ring  interface,  where  it  does  not 
interfere  with  the  microwave  transmission  into  the  plasma 
chamber.  This  failure  mode  was  apparently  unique  to  our 
operation,  as  others  [9]  working  with  this  proton  source 
have  not  encountered  this  problem. 

IIL  RESULTS 

A.  Ion  Source  Availability  and  Longevity  Test 

Figure  3  shows  the  beam  availability  as  a  function  of 
the  elapsed  time.  Beam  availability  is  defined  as  the  47- 
keV  beam  on  time  divided  by  elapsed  clock  time.  During 
the  first  24  hours  of  operation  significant  downtime  was 
encountered  because  of  gas-flow  instabilities  brought 
about  by  rising  temperature  in  the  confined  high-voltage 
(HV)  area  (see  Fig.  1).  This  problem  was  overcome  by 
installing  fans  on  the  HV  enclosure  to  circulate  the 
stagnant  air.  From  24:00  hours  onward,  the  beam 
availability  increased  continuously  to  96.2%  at  the  end  of 
the  seven-day  period.  Most  of  this  4%  downtime  was  spent 
recovering  from  HV  sparks  in  the  HV  column.  The  average 
recovery  time  from  a  beam-off  event  was  83  seconds, 
which  is  dominated  by  the  resetting  of  the  HV  power  supply 
to  the  extraction  potential.  The  longest  uninterrupted  run 
time  was  five  hours.  After  completion  of  the  seven  day  run, 
the  ion  source  was  inspected  for  wear  or  imminent 
component  failure.  No  obvious  signs  of  wear  were  found, 
and  it  is  unknown  how  long  the  source  would  have  run 


Previous  proton  emittance  measurements  have  been 
made  with  the  microwave  ion  source  only  [6]  and  ion 
source  plus  single-solenoid  low  energy  beam  transport 
(LEBT)  [10]  for  50  keV,  60  -  70-mA  beams.  The  ion 
source-only  results  give  rms  normalized  emittances  in  the 
0.10  -  0.12  (7cmm-mrad)  range  while  the  ion  source  plus 
LEBT  measurements  yield  0.20  (Timm-mrad).  The  LEBT 
measurements  relied  on  a  Gaussian  extrapolation  procedure 
to  eliminate  the  H2'^  and  H3‘^  components,  which  is  a 
reasonable  approach  because  the  hydrogen  ion  beam  was 
dominated  by  the  75%  proton  fraction. 


INisitlon  fnmi'l 

Figure  4.  (A)  Hydrogen-ion  beam  distribution  after 

transport  through  a  single- solenoid  LEBT.  (B)  The  same 
distribution  as  (A)  but  with  the  H2^  and  H^  species 
removed. 
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Table  1.  Requirements  and  status  of  demonstrated  injector  parameters  for  100-mA  CW  iinac  program. 


Injector  Parameter: 

Requirement: 

Observed: 

Beam  Availability  (%) 

>98 

96.2 

Minimum  ion  source  lifetime  (hours) 

>160 

>170 

Beam  energy  (keV) 

75 

47 

Beam  current,  protons  (mA) 

no 

50 

Proton  beam  current  density  (mA/cm^) 

200 

250 

Beam  emittance  (Tcmm-mrad),  rms 
normalized  @110  mA,  75  keV.  RFQ 
injection. 

0.20 

0.20  @  50  keV,  56  mA, 
through  a  single-solenoid 

LEBT. 

The  LEBT  emittance  data  in  ref.  [10]  have  now  been  under  development 

reanalyzed  by  removing  the  H2'^  and  H3‘^  contributions  to  the  questions. 

at  Los  Alamos  to  address  these 

measured  phase- space  distribution.  An  original  distribution 
is  shown  in  Fig.  4(A)  where  the  main  proton  distribution 
plus  the  H2^  and  113'^  components  are  separated  by  the 
magnetic  field  of  the  focusing  solenoid.  The  distribution  in 
Fig.  4(B)  shows  the  same  datafile  with  the  H2^  and  113'^ 
components  removed.  Analysis  of  the  Fig.  4(B)  distribution 
in  terms  of  beam  fraction  vs.  total  emittance  [11]  gave  0.20 
(TTmm-mrad)  proton  beam  emittance  for  100%  beam 
fraction,  which  agrees  with  results  presented  in  ref.  [10]. 
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IV.  SUMMARY 

LANL  proposals  for  100-mA  CW  linacs  have  a  RFQ 

[1]  as  the  first  rf  acceleration  stage,  and  the  RFQ  sets 
injector  parameters.  The  injector  parameters  and 
requirements  are  summarized  in  columns  1  and  2  of  Table 
1.  A  consistent  set  of  observed  microwave  ion 
source/injector  parameters  is  shown  in  column  3.  The 
present  ion  source  results  exceed  the  ion  source  lifetime 
and  beam  current  density  requirements,  and  is  close  to 
meeting  the  beam  availability  requirement.  During  a  170 
hour  run,  47-keV  beam  was  available  for  96.2%  of  the 
elapsed  time.  Most  of  the  beam  off  time  came  from  FTV 
column  sparkdown  recovery,  and  it  is  anticipated  that  the  > 
98%  specification  can  be  achieved  with  an  optimized 
column  design  and  high-voltage  power  supply.  No  plasma 
generator  failures  were  observed  over  the  170  hours. 

Greater  than  50-niA  proton  current  was  maintained 
over  the  170  hours.  This  parameter  needs  to  be  doubled  for 
the  CW  linac  applications.  The  observed  250-mA/cm^ 
proton  current  density  exceeds  the  advanced  injector  design 
requirement  [2]  by  25%.  An  increase  in  proton  current,  at  a 
constant  discharge  power,  is  likely  from  the  work  at 
Argonne  National  Lab  and  Los  Alamos  [12]  where  proton 
beam  fractions  >  90%  have  been  measured  from  the 
microwave  source.  The  beam  energy  needs  to  be  increased 
60%  from  47  to  75  keV. 

Proton  beam  emittance  of  0.20  (Timm-mrad)  rms 
normalized,  has  been  inferred  from  hydrogen  ion  beam 
emittance  measurements  through  a  single-solenoid  LEBT 
[10].  The  inferred  0.20  ^mm-mrad)  emittance  has  been 
confirmed  here  by  analysis  of  a  datafile  with  the  H2'^  and 
113"^  species  removed.  Maintaining  the  required  proton 
beam  emittance  at  the  RFQ  injection  point  while 
increasing  the  proton  current  and  energy  may  be  the  most 
severe  remaining  technical  injector  challenge.  The 
advanced  75-keV  injector  design,  based  on  the  microwave 
proton  source,  for  110-mA  proton  current  at  75  keV  is  now 
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Performance  enhancement  of  a  compact  radio  frequency  ion  source  by  the 

injection  of  supplemental  electrons 
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A  versatile,  high  brightness,  volume  type,  RF  source, 
capable  of  producing  positive  ion  beams  with  intensities  as 
high  as  1  mA  from  gaseous  feed  materials  and 
microamperes  of  negative  ion  beams  has  been 
characterized.  The  source  can  also  be  operated  as  a 
plasma  sputter  negative  ion  source  to  generate  up  to  1  mA 
of  a  selected  species.  The  performance  of  the  source  in  the 
positive  and  negative  volume  modes  of  operation  can  be 
greatly  enhanced  by  addition  of  a  removable,  water  cooled 
filament  assembly  in  place  of  the  negative  sputter  probe. 
For  example,  the  material  utilization  efficiencies  of 
gaseous  feed  species  can  be  more  than  doubled,  total 
current  intensities  increased  up  to  40%,  N2  molecular 
dissociation  fractions  increased  by  20%  and  minimum 
operating  pressures  reduced  by  a  factor  of  four  when 
operated  in  the  volume  mode.  These  added  electrons  also 
favorably  effect,  as  a  consequence  of  lower  pressures,  the 
emittance  apparently  through  a  reduction  of  scattering  in 
the  beam  through  the  transport  system.  A  brief  description 
of  the  source  and  performance  data  for  the  positive  volume 
mode  of  operation  will  be  presented. 

I.  INTRODUCTION 

The  design  features  of  the  source  are  described  in 
reference  1.  Plasma  sputter  negative  ion  sources  of  this 
type  have  been  utilized  by  several  groups  for  a  number  of 
applications  including  accelerator  based  atomic  and 
nuclear  physics,  material  processing  and  isotope  separation 
(see  e.g.  the  references  contained  in  ref.  1).  In  addition  to 
the  sputter  mode  of  operation,  both  positive  and  negative 
ions  can  be  extracted  directly  from  the  RF  plasma  when 
operated  in  the  volume  mode.  The  capability  to  operate  in 


any  of  these  three  modes  greatly  extends  the  number  and 
variety  of  ionic  species  that  can  be  generated  by  the 
source.  Because  of  this  versatility  the  source  can  be  used 
for  numerous  applications  [1].  Source  reliability, 
multimode  operation,  high  gas  load  tolerance,  long 
lifetime,  low  emittance  and  high  efficiency  for  dissociative 
ionization  of  molecules  into  positive  and  negative  singly 
charged  atomic  ions  also  make  the  radio  frequency  ion 
source  a  candidate  for  Radioactive  Ion  Beam  (RIB) 
generation.  However,  issues  concerning  the  ionization 
efficiencies  when  operated  in  the  positive  mode  have  not 
yet  been  resolved  for  these  appications. 

The  effect  of  injecting  electrons  into  a  high  frequency 
discharge  ion  source  has  been  explored  extensively  for 
microwave  ECR  sources  [2-9]  and  to  a  lesser  degree  in 
radio  frequency  ion  sources  [10].  Lynies  has  shown  [2]  that 
the  performance  of  microwave  ECR  sources  could  be 
enhanced  through  the  addition  of  injected  electrons  either 
from  a  gun  of  by  a  coating  of  Si02  on  the  metallic  plasma 
chamber.  Others  employ  a  plasma  cathode  or  biased  disk 
technique  to  augment  the  electron  density  in  the  main 
stage  of  the  source  [8,9],  Abdelaziz  et  al  [10]  have 
explored  the  improvement  to  beam  brightness  of  a 
magnetized  radial  extraction  RF  ion  source,  finding  nearly 
an  order  of  magnitude  improvement  in  electron  density,  an 
increase  in  extracted  beam  current  and  a  decrease  in 
emittance  resulting  in  a  significant  increase  in  ion  beam 
brightness.  In  this  work,  we  characterize  the  performance  of 
a  compact  RF  source  for  operation  in  the  volume  mode  for 
the  generation  of  positive  ions.  Total  analyzed  current 
yields,  ionization  efficiency,  molecular  dissociation  and 
emittance  have  been  measured  with  the  filament  on  and 
off. 
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II.  THE  ION  SOURCE  AND  FILAMENT 
PROBE  ASSEMBLE 

Fig.  1  shows  a  cross  sectional  view  of  the  RF  source 
with  the  removable  filament  assembly  in  place.  Radio 
frequency  power  is  coupled  into  the  plasma  through  a 
copper  coil  shown  in  the  figure,  matching  is  achieved  by  a 
network  controlled  remotely  and  located  adjacent  to  the  RF 
feedthrough.  Power  is  generated  in  a  0-lkW,  13.56  MHz 
supply.  Atomic  and  molecular  gas  mixtures  can  be  fed  into 
the  source  from  a  system  of  variable  and  calibrated  leaks 
through  an  opening  directed  through  the  RF  coil  windings. 
A  converging  helical  tantalum  element  of  thickness  1.5  mm 
is  raised  to  emission  temperature  by  a  current  of  ~70  A 
flowing  through  a  water  cooled  copper  central  conductor 
and  out  through  a  copper  shield.  High  temperature 
components  are  isolated  from  the  copper  by  a  tantalum 
cylinder  which  forms  a  shield  about  the  filament  to  prevent 
direct  bombardment  of  the  copper  RF  coil.  The  entire 
assembly  can  be  biased  with  respect  to  the  plasma. 

III.  EXPERIMENTAL  RESULTS 

Total  extracted  argon  current,  nitrogen  dissociation 
fractions  and  trace  flow  (9x10-5  seem)  Xe  efficiencies 
were  measured  with  the  filament  on  and  off  as  a  function  of 
operating  pressure,  RF  power  and  extraction  voltage. 
Optimal  conditions  of  filament  operation  were  70A  heating 


current,  -lOV  bias  and  an  emission  current  of  1.5A. 
Variation  of  ion  current,  dissociation  fraction  and  Xe 
efficiency  with  RF  power  is  shown  in  fig.  2.  In  each  case, 
the  source  was  maintained  at  the  lowest  pressure  that 
allowed  reliable  operation.  Use  of  the  filament  resulted  in  a 
lowering  of  the  normalized  emittance  from  2.4  to  2,127t 
mm  mrad  (MeV)l/2  for  the  90%  contour  of  the  beam.  In 
addition,  the  minimum  pressure  for  stable  plasma  operation 
was  reduced  on  the  average  by  a  factor  of  four. 

IV.  CONCLUSION 

This  work  quantifies  the  performance  enhancement  that 
can  be  expected  with  the  addition  of  a  relatively  simple 
filament  structure  to  an  inductively  coupled  RF  ion  source 
operating  at  modest  powers.  Measurements  were  geared  to 
both  accelerator  (injector)  ion  source  applications  where 
intensity  is  desired  and  ISOL  (radioactive  beam  ) 
applications  where  ionization  efficiency  of  trace  material 
and  molecular  dissociation  is  most  important.  Under 
optimal  conditions,  the  ionization  efficiency  of  a  trace  flow 
of  Xe  was  found  to  increase  from  8%  to  16%.  The 
electrons  appear  to  benefit  the  source  plasma  in  three 
important  respects:  (1)  the  minimum  operating  pressure  is 
lowered  four  fold  (  to  4x10-4  Torr  in  the  source),  (2)  the 
emittance  is  improved  and  (3)  the  electron  density  is 
increased  which  subsequently  lowers  the  plasma  potential, 
as  observed  in  ref  2  and  7. 
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A  HIGH-CURRENT  POSITRON  SOURCE 
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about 


The  positron  sources  now  in  use  have  an  intensity  of 
e'^/s  or  a  positron  current  of  about 


10*- lb* 


10''*-10''’A[1].  This  is  less  than  the  current  of  electron  and 
ion  beams  used  in  science  and  technology  by  10-20  orders  of 
magnitude.  A  high-current,  quasistationary  positron  source  can 
be  created  on  the  basis  of  a  29Cu^'^  isotope  produced  in 
irradiation  natural  copper  by  thermal  neutrons  in  a  nuclear 
reactor  [2,3].  If  the  irradiation  is  performed  in  the  central  cell 
of  the  highest-flux  channel  of  an  SM-3  reactor  for  several  days, 
the  29Cu^'^  specific  activity  will  be  as  high  as  130-190  Ci/g 
at  neutron  flux  density  of  about  1.5  10^^  cm‘^  s"^  In  such 
a  case  the  starting  material  (a  rod  made  from  copper  of  natural 
isotopic  composition)  must  have  a  diameter  d<lcm  and  a 
length  L<30cm.  The  standard  TUB  targets  must  be  inserted  in 
the  cells.  Thus,  the  total  mass  of  copper  Cu^"^  that  can  be 
produced  in  a  single  irradiation  run  amounts  to  about  200g.  Its 
total  activity  will  be  20-30  kCi,  corresponding  to  a  positron 
current  of  10'^- 10"^^  A.  Indeed,  only  0.1%  of  positrons  can 
escape  from  the  cylinder  specimen;  the  remaining  positrons  are 
used  in  the  bulk.  To  increase  the  yield  of  positrons  the 
specimen  withdrawn  from  the  reactor  must  be  transformed  to 
foils,  for  example,  by  a  magnetron  sputtering  technique  in  a 
’’hot"  chamber.  If  the  foil  thickness  is  20|im,  the  yield  of 
positrons  will  be  as  high  as 

100%exp(-17*8.90.66'^'^'^)  ~  60%  of  the  theoretically 
possible  value.  The  area  of  the  foil  will  be  2m^. 

Can  the  quasistationary  positron  current  exceeding 
10’^- 10"^ A  be  reached  on  the  basis  of  the  present  state  of  the 
art?  To  do  this  the  following  scheme  should  be  realized:  a 
quasistationary  isotope  source  — >  a  means  based  on  plasma 
mirror  traps  (for  example,  of  the  open-trap  type)  for 
accumulating  and  retaining  positrons  a  means  for  fast 
extracting  positrons  from  the  trap.  If  the  positron  source 
provides  a  positron  current  of  lO'^-lO'V,  while  the  plasma 


trap  is  capable  of  efficiently  trapping  and  retaining  positrons 
for  10- 100s  [4]  and  then  being  opened  in  lO'^-lO  '^s,  the 
positron  current  pulse  will  be  as  high  as  1  to  lOOOA.  Thus, 
the  solution  of  the  high-current  positron  source  problems  lies 
at  the  junction  of  several  engineering  branches  including 
production  of  highly  active  isotopes,  plasma  traps  and 
acceleration  engineering  (e^-sources). 

Let  us  consider  two  schemes  of  sources. 

1.  A  POSITRON  SOURCE  BASED  ON 
FOCUSING  THE  DECAY  PRODUCTS  FROM  AN 
EXTENDED  p--ACTIVE  ISOTOPE  IN  A 
MAGNETIC  AND  AN  ELECTRIC  FIELDS. 

The  simplest  solution  for  the  problem  of  focusing  the 
positrons  emitted  by  the  foil  consists  in  using  a  convergent 
magnetic  field.  An  electric  field  applied  towards  the  neck  of  the 
mirror  will  evidently  improve  such  a  system  [4-5].  In  this  case 


the  value  of  the  transit  angle  becomes  dependent  on  the 
positron  energy 

Sin20<(E  +  eA9)i:^^ 

Rra(E2-mV) 

where  E  is  the  total  energy  of  positron;  Rj^  is  the  mirror  ratio; 
A(p  is  an  accelerating  potential  difference.  At  the  energies 
f  2 

eA(p/EF>[R^-(mcVEp)  -(R^-OJ  -1, 

all  the  positrons  will  travel  through  the  mirror  regardless  of 
the  angle  of  inclination  of  their  trajectory.  Here  Ep  is  the 
maximum  energy  in  the  radiation  spectrum  (Fermi  energy). 

The  quasistatic  focusing  system  was  analyzed  for  the 
maximum  feasible  parameters:  an  accelerating  potential,  eA<p, 
of  up  to  lOMeV,  a  maximum  magnetic  field,  of  up  to 
lOOkG  and  a  length  of  5- 10m.  Therefore,  the  results  obtained 
demonstrate  the  ultimate  in  the  static  focusing  that  can  be 
attained  by  this  way. 

Figure  1  shows  the  current  delivered  to  the  target  as  a 
function  of  the  potential  difference  (  Ep  =1.17MeV,  Rin=100, 
Bmax  =100kG).  The  current  delivered  to  the  target  and  its 
density  as  a  function  of  the  mirror  ratio  at  eA(p  =10MeV  and 
Bmax-lOOkG  are  shown  in  Figs.  2  and  3. 


Fig.l 


Rm 
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Fig,2 


Fig.3.  Rra 

The  theoretical  calculations  and  the  numerical 
simulations  showed  that  for  a  29 Cu^"^  foil  the  beam  can  be 
focused  onto  an  area  of  24-25  times  less  than  the  initial  radius 
by  losing  up  to  50%  of  the  initial  current.  Despite  the  high 
mirror  ratio  (-600)  the  drift  theory  is  still  applicable  to  this 
case  (to  an  accuracy  of  10%)  and  the  beam  formation  process 
can  be  easily  described  theoretically. 

For  a  foil  area  of  2m^,  a  positron  current  of 
lO'^-lO’^^A  and  m~  200g  the  focusing  spot  has  a  radius  of 
about  2.8cm  and  J  310"^-10‘Wcm^. 

A  small  source  made  of  foil  (m~  0.36g,  A~  10^^, 
foil  radius  «2.5cm,  foil  thickness  d=20pm)  allows  a  current  of 
lO^^eVs  to  be  focused  onto  an  area  of  radius  Rf  -O.lcm. 

The  strong  longitudinal  and,  first  of  all,  transverse 
heating  of  the  positron  flux  (Tx^9niax)  can  be  assigned  to  the 
shortcomings  of  the  scheme.  If  we  attempt  to  use  the  beam 
focused  in  such  a  way  as  a  source  of  annihilation  y-quanta  and 
direct  it  on  to  a  plane  target,  the  positrons  penetrating  the 
substance  will  thermolize  to  form  a  hemisphere  of  about  1cm 
diameter  in  the  volume  of  the  target.  It  is  this  hemisphere  that 
will  be  a  volume  source  of  annihilation  y-quanta.  On  the  other 
hand,  severe  difficulties  appear  in  transporting  the  focused 
beam.  Finally,  because  of  the  considerable  geometric 
dimensions  of  the  foil  a  strong  constant  electric  and  magnetic 
fields  should  be  created  in  a  large  volume.  True,  the  foil  could 
be  convoluted  to  form  a  cylinder  [8],  however,  in  so  doing  no 
great  gain  could  be  obtained. 

2.  A  HIGH-INTENSITY  "TRANSPARENT" 
POSITRON  SOURCE '  ("SHASHLYK")  [6-7] 

To  extract  positrons  from  a  massive  P'^-active 
specimen  it  can  be  made  as  a  system  of  P-transparent  elements 
(for  example,  foils  d-  10-20  pm  in  thickness)  with 
sufficiently  small  cross-sectional  dimensions  so  that  outgoing 
beam  could  be  easily  focused  (see  Fig.4). 

If  we  assume  that  all  the  foils  are  similar  and  that  the 
same  potential  differences  eArpj  sufficient  to  compensate 
for  the  angular  scattering  applied  between  the  foils,  then  at  a 
fixed  total  potential  difference  there  exists 


an  optimal  number  of  foils  for  which  the  current  at  the  exit  is 
maximum. 

Figure  5  shows  the  optimal  output  current  normalized 
to  the  half  activity  of  a  20-pm-thick  foil  in  the  absence  of  self¬ 
absorption  as  a  function  of  the  thickness  of  the  individual  foil. 
The  numerals  denote  the  optimal  number  of  foils  for  the  given 
voltage  and  the  given  thickness.  The  curves  differ  in  the  value 
of  applied  voltage: 

-  e<p5:-500keV,  ■  e<p£=l  MeV, 

-  e(p5;=5MeV,  -or-  e(pj;  =1  OMeV. 


Fig.5 


d  [pm] 


n  (number  of  foils) 


Shaslyk  is  a  culinary  term  standing  for  the  pieces  of  Fig. 6 

mutton  roasted  on  a  spit 
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The  angular  width  of  the  distribution  of  the  partial 
current  as  a  function  of  the  number  of  foils  through  which  the 
beam  has  passed  is  plotted  in  Fig.  6.  The  parameters  of  the 
system  are:  ecpi  =20MeV,  d=20pm,  N=83.  The  solid  and 
dotted  curves  correspond  to  the  numerical  and  analytical 
calculations,  respectively. 


Fig.7 

Figure  7  shows  the  angular  distribution  of  the  partial 
current.  Different  plots  correspond  to  the  different  numbers 
of  the  foils  n  through  which  the  beam  has  passed. 


Figure  8  shows  the  energy  distribution  function  of 
the  total  current  i(y).  Here  y  is  total  energy  of  positrons 
normalized  on  mc^.  The  steep  drop  of  j(Y)  at  great  y 
corresponds  to  a  weak  absorption  of  high-energy  particles  by 
the  foils. 

We  offer  the  concrete  example  basing  on  the 
numerical  calculations  in  the  framework  of  a  source  model 
described  in  Section  2.  Let  the  energy  of  an  accelerator  be 
20MeV.  Choose  the  isotope  29Cu^'^.  Let  the  area  of  each  foil 
be  lOcm^  and  its  thickness  -  20|am.  Then  the  optimal  number 
of  the  foils  ~  80.  If  the  irradiation  occurs  in  the  highest-flux 
channel  of  an  SM-3  reactor  (the  flux  is  about  10*^  n/(cm^s)), 
each  of  such  foils  emits  about  5Z10^^  e^/s  on  one  side.  The 
total  positron  current  at  the  exit  will  be  -2110  ,  that  is, 
-50%  of  the  half  activity  of  all  the  foils  (with  allowance  for 
the  self-absorption).  The  majority  of  the  positrons  having 
passed  through  the  last  foil  are  concentrated  within  an  angle 
20'’.  The  energy  distribution  at  the  exit  from  the  source  is  in 
the  form  of  a  “plateau”  with  a  dispersion  of  20MeV. 
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POLARIZED  ELECTRON  SOURCES* 

J.  E.  Clendenin,  Stanford  Linear  Accelerator  Center,  Stanford  University,  Stanford,  CA  94309  USA 


Polarized  electron  sources  for  high  energy  accelerators 
took  a  significant  step  forward  with  the  introduction  of  a  new 
laser-driven  photocathode  source  for  the  SLC  in  1992.  With 
an  electron  beam  polarization  of  >80%  and  with  -99% 
uptime  during  continuous  operation,  this  source  is  a  key 
factor  in  the  success  of  the  current  SLC  high-energy  physics 
program.  The  SLC  source  performance  is  used  to  illustrate 
both  the  capabilities  and  the  limitations  of  solid-state  sources. 
The  beam  requirements  for  future  colliders  are  similar  to  that 
of  the  SLC  with  the  addition  in  most  cases  of  multiple-bunch 
operation.  A  design  for  the  next  generation  accelerator  source 
that  can  improve  the  operational  characteristics  and  at  least 
minimize  some  of  the  inherent  limitations  of  present  sources 
is  presented.  Finally,  the  possibilities  for  producing  highly 
polarized  electron  beams  for  high-duty-factor  accelerators  are 
discussed. 

I.  INTRODUCTION 

Polarized  electrons  have  long  been  used  in  the  study  of 
atomic  and  condensed  matter  physics  [1].  With  the 
development  of  high-energy  electron  accelerators,  the 
possibility  to  study  nuclei,  quarks,  and  gauge  bosons  using 
polarized  electrons  presented  itself.  The  first  polarized 
electron  source  to  be  used  for  a  modem  accelerator  was  an 
atomic-beam  source  in  which  a  state-selected  beam  of  atomic 
Li  was  photoionized  by  intense  light  from  a  pulsed  lamp[2]. 
This  source,  which  began  operating  at  SLAG  in  1974, 
produced  the  desired  L6-|Lisec  pulse  at  180  pps  with  high 
polarization  P^,  on  the  order  of  85%,  but  the  maximum 
current  in  the  pulse  was  typically  <0.25  mA,  well  below  the 
accelerating  capability  of  the  linac.  Although  this  intensity 
was  roughly  matched  to  what  the  target  for  the  high-energy 
electron  beam  could  accommodate,  the  electron  spin 
direction  could  be  reversed  only  slowly  by  reversing  a  large 
magnetic  field,  which  introduced  many  unwanted  effects,  and 
most  importantly,  the  source,  even  after  several  years  of 
intermittent  operation  was  very  difficult  to  operate  and 
relatively  unreliable.  The  operational  efficiency  of  the 
atomic-beam  source  at  SLAG  over  a  several  year  period  was 
-50%  at  best.  A  similar  atomic-beam  source  using  Cs  but 
based  on  the  Fano  effect  was  developed  during  this  same 
period  for  the  Bonn  synchrotron. 

Although  there  were  several  other  types  of  sources  under 
development  in  the  1970s,  the  real  breakthrough  came 
following  the  suggestion  in  1974[3]  that  GaAs,  a  III-V 


semiconductor  with  interesting  properties,  might  prove  to  be 
a  good  polarized  electron  source.  Photoemission  from  GaAs 
treated  to  have  a  negative  electron  affinity  (NEA)  surface 
was  known  to  be  an  efficient  process,  the  quantum  yields 
ranging  well  above  10%.  Photoluminescence  studies  had  also 
demonstrated  that  if  the  incident  light  were  circularly 
polarized  and  monoenergetic  with  a  wavelength 
corresponding  to  the  near  band-gap  energy,  the  electrons 
promoted  to  the  conduction  band  in  the  solid  would  be 
polarized  at  or  just  below  50%.  Following  the  initial 
suggestion,  it  was  quickly  shown  that  there  is  no  significant 
depolarization  when  extracting  the  electrons  from  the  solid. 
Although  the  expected  polarization  from  unstrained  GaAs  is 
lower  than  for  the  atomic-beam  sources,  the  intensity 
promised  to  be  limited  only  by  the  energy  of  the  light  source, 
the  polarization  direction  should  be  reversible  optically,  and 
the  operational  characteristics  of  a  solid-state  source 
promised  a  high  degree  of  reliability. 

At  SLAG,  a  GaAs  source  was  quickly  built  and 
successfully  operated  in  1978  for  a  high-energy  physics 
experiment[4].  For  this  experiment,  1.6-|asec  pulses  with 
currents  up  to  15  mA  were  accelerated  at  180  pps.  P^ 
measured  at  high  energy  was  -37%.  With  two  photocathode 
guns  available  during  the  experiment,  the  operational 
efficiency  during  each  session  was  -75%,  a  significant 
improvement  over  that  for  the  atomic-beam  source. 

At  Bonn,  the  Fano  source  was  soon  dropped  in  favor  of  a 
GaAs  source,  and  other  laboratories,  such  as  MIT/Bates  and 
Mainz,  also  installed  GaAs-type  sources  for  their  electron 
accelerators.  These  latter  two  accelerators  in  particular  saw 
extensive  polarized  beam  operation  in  the  late  1980s,  while 
there  was  a  long  hiatus  of  polarized  beams  at  SLAG  from 
1981  until  three  years  ago. 

With  the  commissioning  of  a  new  GaAs  source  for  the 
SLG  in  1992,  a  new  era  of  highly  reliable  polarized-beam 
accelerator  operations  began.  The  polarization  of  this  source 
has  increased  to  the  level  of  80-86%.  The  source  and  its 
performance  will  be  described  below.  The  operational 
aspects  of  the  SLG  source  are  extremely  well-matched  to  the 
SLG  capabilities.  For  the  most  part,  this  performance  should 
be  repeatable  for  the  NLG/JLG.  The  reservations  implied 
here  concerning  suitability  for  operation  of  future  colliders 
will  also  be  discussed  below. 

A  major  limitation  of  GaAs  sources  has  proven  to  be 
operation  at  high  polarization  for  a  high-duty-factor 
accelerator.  The  possibilities  for  overcoming  this  limitation 
are  also  discussed. 


*  Work  supported  by  Department  of  Energy  contract  DE-AG03-765F00515. 
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in  Figure  3.  Since  the  higher  polarizations  are  correlated  with 
very  low  QE,  when  the  surface  most  likely  has  a  positive 
electron  affinity  (PEA),  the  presumption  is  that  the  CB 
electrons  originating  away  from  the  surface  undergo  some 
depolarization,  either  as  they  lose  energy  while  thermalizing, 
or  while  they  diffuse  to  the  surface.  For  low  QE,  the  PEA 
condition  allows  only  electrons  promoted  near  the  surface  (so 
called  “hot  electrons”)  to  be  emitted  to  vacuum. 

The  electrons  that  are  excited  into  the  conduction  band 
can  be  extracted  efficiently  by  creating  an  NEA  surface.  First 
the  p-doping  of  the  crystal  lowers  the  energy  bands  at  the 
surface  by  as  much  as  half  the  band  gap.  This  is  a  significant 
effect  for  large-band-gap  semiconductors.  Coating  an 
atomically  clean  surface  with  a  layer  of  Cs  and  an  oxide  (at 
SLAC,  NFj  is  used)  at  the  level  of  a  monolayer  or  so  will 
then  lower  the  work  function  below  the  CB  level  in  the  bulk 
of  the  crystal.  The  clean  surface  is  achieved  by  heating  the 
crystal  to  600°C  for  ~1  hour.  The  heat-cleaning  plus 
application  of  Cs  and  oxide  is  said  to  “activate”  the  surface. 
The  diffusion  length  for  minority  carriers  in  the  CB  of  GaAs 
is  on  the  order  of  1  (im  at  room  temperature,  while  the 
optical  absorption  depth  near  band  gap  is  slightly  larger. 

The  process  by  which  highly  polarized  electrons  are  when  even  a  modest  negative  bias  is  applied  to  the 

produced  in  strained-lattice  GaAs  is  illustrated  in  Figure  1.  crystal,  a  very  high  percentage  of  the  CB  electrons  are 
At  the  left  of  the  figure  are  shown  the  energy  bands  at  the  T  cjnitted  to  vacuum, 
point.  For  direct  band  gap  semiconductors  such  as  GaAs,  the 
valence  band  (VB)  maximum  and  conduction  band  (CB) 
minimum  are  aligned  in  momentum  space  at  the  F  point, 
allowing  optical  transitions  between  energy  bands  that  follow 
the  angular  momentum  selection  rules  for  optical  transitions 
in  atoms.  The  transitions  for  illumination  with  left  circularly 
polarized  light  (o-)  are  shown  on  the  right  of  Figure  1  for 
photon  energies  between  the  band  gap  (E^  and  E^+A^^^,  where 
Ajg  is  the  energy  separation  of  the  spin-orbit  split-off  band. 

The  relative  transition  rates  are  in  circles.  A  small  energy 
difference,  8,  can  be  introduced  into  the  substates  by 
applying  a  strain  in  the  growth  direction  of  the  crystal.  The 
m.=±3/2  substates  will  be  higher  in  energy  than  the  m.=±\l2 
if  the  strain  is  tensile.  With  sufficient  strain,  if  the  energy  of 
the  excitation  photons  is  further  adjusted  to  be  between  E^ 
and  E  +5,  only  the  transition  shown  by  the  solid  line  is 
allowed,  and  consequently  the  polarization  can  in  principle 
be  100%.  The  most  successful  technique  developed  so  far  for 
producing  the  desired  strain  is  to  grow  a  thin  layer  of  GaAs 
on  a  sublayer  material  that  has  a  slightly  smaller  lattice 
constant[5].  The  high-polarization  cathodes  now  used  at 
SLAC  consist  of  a  100-nm  layer  of  GaAs,  p-doped  to  5x10 
cm^  grown  by  MOCVD  on  a  sublayer  of  GaAsP[6].  The 
wavelength  dependence  of  the  polarization  and  QE  of  a  high- 
QE  SLAC  cathode  is  shown  in  Figure  2.  The  wavelength 
dependence  of  the  QE  is  primarily  related  to  the  rapid  drop  in 
optical  absorption  as  the  band  gap  is  approached.  There  is  a 
small  QE  dependence  of  the  polarization  peak  as  illustrated 
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Figure  2.  P^  and  QE  for  a  SLAC  100-nm  strained- 
lattice  cathode  as  a  function  of  the  excitation 
wavelength,  measured  at  room  temperature.  See  [10]. 

Since  the  QE  scales  roughly  as  the  crystal  thickness 
normalized  to  the  diffusion  length,  the  QE  is  considerably 
reduced  in  the  thin  cathodes.  Nonetheless,  with  one  important 
limitation  to  be  discussed  next,  it  has  been  found  that  the 
charge  that  can  be  extracted  scales  simply  with  the  laser 
pulse  energy  up  to  the  space-charge  limit  of  the  gun.  The 
band  gap  for  the  strained-lattice  cathodes  is  about  850  nm. 
The  tunable,  Q-switched,  cavity-dumped,  Ti:sapphire  laser 
system  for  the  SLC  produces  pulse  energies  up  to  and 


GaAs  -  GaAs,. X  P* 


Figure  1.  Energy  level  diagram  and  transition  probabil¬ 
ities  at  the  r  point  for  a  strained-lattice  GaAs  cathode. 

II.  PRODUCTION  OF  POLARIZED 
ELECTRONS  FOR  HIGH  PEAK-CURRENT 
ACCELERATORS 

A.  GaAs  sources 


exceeding  several  hundred  microjoules.  Since  the  SLC 
requires  about  10^^  e  per  micropulse  at  the  source,  this 
implies  sufficient  photons  for  a  QE  as  low  as  0.01%,  whereas 
the  typical  operating  QE  is  -0.1%.  These  high  laser  energies 
are  for  single  pulses  and  at  rather  low  repetition  rates.  The 
repetition  rate  is  presently  limited  by  the  lasers  available  for 
pumping  the  Ti:sapphire[7]. 


1-95  QE  (%)  at  833  nm  7862A17 

Figure  3.  Polarization  at  the  polarized  electron  source 
as  a  function  of  QE.  See  [10]. 

B.  Cathode  emission  limitation 

The  exception  to  the  scaling  rule  occurs  when  one 
attempts  to  extract  a  large  amount  of  charge  in  a  short 
interval  (high  peak  current).  Negative  charge  tends  to  build 
up  at  the  surface  during  extraction  due  to  the  presence  of 
surface  states.  At  a  certain  point  the  discharge  process  for  this 
buildup  falls  behind,  and  a  surface  barrier  begins  to  grow 
until  equilibrium  is  again  established[8].  The  surface  barrier 
may  arise  quite  rapidly,  perhaps  on  the  picosecond  level, 
while  the  discharge  can  be  much  slower,  on  the  nanosecond 
level  and  perhaps  even  containing  microsecond-level 
components.  The  cathode  charge  limit  scales  roughly  as  the 
QE.  For  the  SLAC  cathodes,  the  charge  limit  for  a  QE  of 
0.1%  at  the  polarization  peak  is  about  5x10^°  e'  cm'^  in  a  2-ns 
pulse.  The  discharge  time  is  about  100  ns.  Since  separate 
Ti:  sapphire  lasers  are  used  to  produce  the  two  SLC 
microbunches,  the  second  laser  is  tuned  to  a  much  higher 
photon  energy  (since  the  second  electron  bunch  need  not  be 
polarized),  for  which  the  QE  and  charge  limit  are  both  high. 
Thus  the  second  bunch  can  be  matched  in  intensity  to  the 
first. 

A  principal  factor  affecting  the  discharge  rate  is  the 
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dopant  density.  If  the  density  is  increased  to  -2x10  cm  ,  the 
discharge  time  decreases  to  about  10  ns.  However,  higher 
densities  seem  to  result  in  lower  polarization.  The  solution  to 
the  emission  limitation  problem  may  be  to  increase  the 


dopant  density  at  the  surface  while  (possibly)  lowering  it  in 
the  bulk.  Since  high-temperature  heat  cleaning  removes  the 
surface  layer  (and  also  results  in  diffusion  of  the  dopant 
material  from  the  surface  into  the  bulk),  a  cathode 
preparation  technique  that  avoids  high  temperatures  is 
essential  for  this  solution. 

Although  the  motivation  here  for  suggesting  a 
differentially  doped  cathode  is  to  reduce  the  emission- 
limiting  effect  of  the  surface-charge  buildup,  obvious 
benefits  in  addition  are  higher  QE  at  all  emission  levels  (due 
to  increased  band  bending  at  the  surface)  and  possibly  higher 
polarization  (if  the  dopant  density  in  the  bulk  is  reduced). 
Differentially-doped,  strained-lattice  GaAs  cathodes  of  the 
SLAC  type  should  produce  a  stable  polarization  of  at  least 
85-90%  polarization  at  all  QE  levels [9]. 

C.  The  SLAC  polarized  electron  source 

Because  of  the  high  operating  cost  of  accelerators,  it  is 
extremely  important  that  the  source  operate  reliably.  The 
present  polarized  electron  source[10]  for  the  SLAC  linac  has 
operated  for  the  past  3  years  (2.4  years  of  equivalent  full¬ 
time  operation)  with  >95%  efficiency  overall,  where 
operating  efficiency  is  defined  as  the  percentage  of  time  the 
source  is  operating  or  able  to  operate  upon  demand  with 
nominal  beam  during  all  scheduled  accelerator  operating 
time.  The  principle  factors  contributing  to  the  reliability  of 
the  SLAC  source  are: 

1)  Careful  design  of  the  gun  to  provide  a  base  pressure  of 
-10  Torr  exclusive  of  H2; 

2)  Differential  pumping  between  the  gun  and  the 
downstream  vacuum  system; 

3)  A  38°  bend,  1-m  downstream  of  the  gun,  which  isolates 
the  cathode  from  reflected  or  reverse  accelerated 
electrons; 

4)  Careful  design  of  the  electron  optics  to  reduce  beam 
interception  in  the  first  meter  to  <0.1%,  and  in  the  first 
3  meters  to  <1%; 

5)  Incorporation  of  diagnostics  to  measure  the  beam 
interception  to  the  level  of  0.1%; 

6)  Providing  the  required  field  gradient  at  the  crystal  (1.8 
MV/m)  while  keeping  the  maximum  gradient  along 
the  cathode  electrode  <7  MV/m; 

7)  Processing  of  the  high  voltage  (120  kV)  for  the  cathode 

bias  to  reduce  dark  current  to  <50  nA  DC  as  read  by  a 
nanoammeter  floating  on  the  high  voltage  terminal  of 
the  gun; 

8)  Backup  guns; 

9)  A  means  to  install  and  remove  activated  GaAs  crystals 
without  breaking  the  gun  vacuum  (load  lock);  and 

10)  A  reliable  tunable  laser  with  a  stable  laser  beam 
transport  system. 
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The  source  uses  a  conventionally  designed  gun  in  which 
the  cathode  electrode  is  supported  by  a  large  ceramic 
insulator  that  also  provides  a  major  portion  of  the  vacuum 
wall.  The  laser  beam  enters,  and  the  emitted  electrons  exit, 
through  a  hole  in  the  anode.  The  load-lock  system  for 
inserting  the  activated  GaAs  crystal  into  the  gun  after  the 
vacuum  bake  of  the  gun  chamber  and  after  the  high-voltage 
processing  is  essential  for  a  gun  that  is  to  be  operated  at  high 
voltage,  otherwise  the  processing  irreversibly  destroys  the 
QE  of  the  cathode.  In  addition,  the  QE  that  can  be  achieved 
when  the  GaAs  is  not  in  the  gun  during  the  vacuum  bake  of 
the  chamber  is  typically  higher  by  a  factor  of  ~2  and  is  more 
reproducible.  Although  SLAG  now  has  4  interchangeable 
photocathode  guns,  the  guns  have  only  been  changed 
between  accelerator  operating  cycles. 


Table  1.  Operating  characteristics  of  SLAG  polarized 
electron  source  for  1994-5  SLG  run. 


SLG  operating  time 

-230  days 

Beam  structure  at  source 

Two  2-ns  pulses,  60  ns  apart, 
at  120  pps,  7x10^^  e/pulse 

Source  operating  efficiency >99% 

Gathode 

100-nm  strained-layer  GaAs 

Gathode  bias  (gradient) 

120  kV  (1.8  MV/m) 

Active  area  of  GaAs 

1.5  cm^ 

Typical  QE 

0.1%  at  polarization  peak 

QE  lifetime  (1/e) 

1200 — ^300  hours 

Number  of  cesiations 

-50 

Time  between  cesiations 

4  days  typical 

Polarization, 

-80%  at  845  nm 

Excitation  wavelength 

845  nm  at  0°G 

Typical  operating  characteristics  of  the  SLAG  source  for 
the  1994-5  operating  cycle  of  the  SLG  are  illustrated  in  Table 
1 .  The  only  task  necessary  to  perform  on  the  gun  during  the 
entire  10  months  of  continuous  operation  (if  the  time 
provided  for  other  accelerator  operations  is  included)  was  to 
periodically  apply  a  small  amount  of  Gs  to  the  cathode,  a 
computer  controlled  process  (initiated  by  the  accelerator 
operator)  that  took  ~20  minutes.  The  required  charge  of 
7x10^^  e  per  microbunch  was  only  slightly  below  the  peak 
charge  (8-9xl0’°  e  )  following  a  full  application  of  Gs  to  the 
cathode.  To  maximize  the  polarization  (see  Figure  3),  only 
enough  Gs  was  applied  to  give  3-5  days  of  operating  time 
between  cesiations[ll].  Once  the  run  began,  there  were  no 
more  cathode  activations  and  no  more  NF3  was  applied. 

III.  POLARIZED  SOURCE  DESIGN  FOR  THE 
NEXT  GENERATION  OF  LINEAR  COLLIDERS 

The  SLG  source  already  meets  most  of  the  requirements 
for  NLG/JLG.  The  principle  remaining  tasks  are  to  develop 


the  proper  light  source,  and  also  to  eliminate  or  avoid  the 
effect  of  the  charge  limit. 

A.  Laser  requirements 

If  we  assume  the  beam  requirement  is  a  train  of  100 
micropulses  spaced  by  1.4  ns,  each  with  a  charge  at  the 
interaction  point  of  1x10*^  e ,  then  the  total  charge  required  at 
the  source  is  about  1.5x10^^  e  per  macropulse  if  generated  by 
an  optical  pulse  train.  With  present  technology,  one  should 
be  able  to  generate  such  a  train  with  the  required  macropulse 
stability  of  0.5%  rms[12].  The  present  SLAG  approach  is  to 
use  a  resonant  Pockels  cell  driven  at  714  Mhz  to  chop  (50% 
duty  cycle)  a  long  laser  pulse.  The  required  laser  energy  (5 
kW  for  140  ns)  can  be  produced  using  a  Q-switched  laser 
with  a  sufficiently  long  optical  cavity. 

B.  Charge  limitation  effect 

While  the  selection  of  a  laser  for  the  NLG  source  can  be 
considered  a  technical  problem  whose  solution  is  foreseen, 
the  charge  limitation  is  an  inherent  property  of  the 
semiconductor  crystals  presently  in  use  at  SLAG.  A  new 
design  for  the  cathode  structure  which  eliminates  or  avoids 
the  charge  limit  must  not  sacrifice  polarization.  A  high  QE 
must  also  be  maintained. 

The  emission  limitation  is  not  a  problem  if  the  total 

charge  to  be  extracted  within  the  discharge  time  is 

considerably  less  than  the  charge  limit.  The  active  area  of  a 

2 

SLAG  cathode  has  been  increased  to  3  cm  ,  resulting  in  a 
charge  limit  for  a  0.1%  cathode  (medium  doped)  of -1.5x10 
e'  in  2  ns.  This  limit  increases  beyond  the  space-charge  limit 
of  the  gun  (about  2x10^*  e'  in  2  ns)  if  the  dopant  density  is 
increased  to  2x10*^  cm‘^  For  the  NLG  source,  the  total 
charge  to  be  extracted  in  10  ns  is  -1x10*^  e‘,  which  at  most  is 
half  the  charge  limit.  Nonetheless,  the  charge  limits  for 
medium-  and  high-dopant  densities  need  to  be  measured 
using  laser  pulses  in  the  range  of  10  to  100  ns. 

C.  Gun  design 

Although  the  SLAG  gun  has  performed  exceptionally 
well,  the  requirement  that  the  load-lock  mechanism  float  at 
the  high  voltage  of  the  cathode  bias  is  awkward  at  best, 
resulting  in  unnecessary  complications  when  using  load  lock. 
A  more  compact  gun  design  that  places  the  high  voltage 
insulators  inside  the  grounded  gun  vacuum  structure  (the 
“inverted-geometry’’  design)  is  shown  in  Figure  4.  A  gun  of 
this  design  has  been  built  at  SLAG[13]  with  an  electrode 
design  similar  to  that  of  the  accelerator  gun.  The  load-lock 
mechanism  can  be  removed  during  gun  operation  if  desired, 
but  if  left  attached  would  is  at  ground  potential.  This  gun 
design  is  a  very  promising  candidate  for  a  next-generation 
GaAs  source. 


880 


Figure  4.  Cross  section  of  the  SLAC  inverted-geometry 
gun.  The  electrons  exit  from  the  cathode  (16)  to  the  left 
through  the  anode  (20).  One  of  the  3  high  voltage  insulators 
is  shown  at  (13).  The  cathode  insertion  tube  (withdrawn 
when  producing  electrons)  is  shown  at  (14).  For  the 
remainder  of  the  components,  see  [13], 

IV.  HIGH  POLARIZATION  ELECTRONS  FOR 
HIGH  DUTY  FACTOR  ACCELERATOR 

The  duty  factor  (DF)  of  the  SLAC  linac  ranges  from 
2x10  for  long  pulse  operation  to  5x10^  for  SLC.  For  the 
SLC  design  performance,  the  source  is  required  to  generate  a 
peak  current  Ip  of  ~  10  A  (an  average  current  of  IpXDF=4.8 
|iA).  For  linac  operations  with  1.6  |Xsec  beam  pulses,  the 
source  has  produced  an  Ip  of  30  mA  (thus  an  I^  of  ~6  msec). 

The  pulse  width  for  lasers  cannot  be  extended  much 
beyond  the  tens  of  microseconds,  and  certainly  not  for  high 
repetition  rates.  As  the  pulse  width  is  increased,  the 
maximum  possible  power  also  decreases.  Thus,  photocathode 
sources  for  high-duty-factor  accelerators  use  cw  lasers. 
Tunable  cw  lasers  are  at  present  limited  to  a  few  watts  of 
output  power.  A  QE  of  ~2%  is  routinely  achieved  with 
sources  employing  thick,  unstrained  GaAs,  making  possible 
cw  currents  >10  mA.  However,  the  highest  QE  achieved  with 
the  SLAC  high-polarization  cathodes  has  been  about  0.2%, 
with  0.1%  being  typical.  This  implies  a  maximum  cw  current 
of  ~1  mA.  (It  should  be  noted  that  long  lifetimes  of  the 
cathode  QE  may  be  difficult  to  achieve  for  such  high  average 
currents.) 

Several  possibilities  exist  for  producing  higher  cw 
currents  using  high-polarization  cathodes.  A  GaAs-AlGaAs 
superlattice  design  has  been  shown  to  give  -70%. 
polarization  at  -750  nm  and,  using  a  load  lock,  a  QE  of  over 
2%[14], 


A  second  possibility  is  a  distributed  Bragg  reflector 
(DBR)  strained-lattice  cathode[15].  In  principle  this  cathode 
can  enhance  the  optical  absorption  efficiency  by  nearly  an 
order  of  magnitude. 

The  QE  of  the  simple  strained-lattice  cathodes  can 
presumably  be  increased  substantially  by  applying  a  high- 
dopant  density  to  the  surface,  as  was  done  for  the  superlattice 
mentioned  above,  and  as  was  discussed  earlier  in  this  paper. 
If  successful,  such  a  cathode  might  still  benefit  from  the 
addition  of  a  DBR. 

The  author  would  like  to  thank  his  colleagues  at  SLAC, 
particularly  J.  Frisch,  R.  Miller,  G.  Mulhollan,  H.  Tang,  and 
K.  Witte,  for  many  useful  discussions  which  have  been 
important  for  this  paper. 
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ABSTRACT 

High  energy  physics  accelerators  and  free  electron  lasers 
put  increased  demands  on  the  electron  beam  sources.  This 
paper  describes  the  present  research  on  attaining  intense 
bright  electron  beams  using  photoinjectors.  Recent  results 
from  the  experimental  programs  will  be  given.  The 
performance  advantages  and  difficulties  presently  faced  by 
researchers  will  be  discussed,  and  the  following  topics  will 
be  covered.  Progress  has  been  made  in  photocathode 
materials,  both  in  lifetime  and  quantum  efficiency.  Cesium 
telluride  has  demonstrated  significantly  longer  lifetimes  than 
cesium  antimonide  at  10'*  torr.  However,  the  laser  system  is 
more  difficult  because  cesium  telluride  requires  quadrupled 
YLF  instead  of  the  doubled  YLF  required  for  cesium 
antimonide.  The  difficulty  in  using  photoinjectors  is 
primarily  the  drive  laser,  in  particular  the  amplitude  stability. 
Finally,  emittance  measurements  of  photoinjector  systems 
can  be  complicated  by  the  non-thermal  nature  of  the  electron 
beam.  An  example  of  the  difficulty  in  measuring  beam 
emittance  is  given. 

I.  INTRODUCTION 

The  following  two  sections  of  this  paper  cover  the  basic 
photoinjector  types  and  their  operational  characteristics.  The 
subsequent  section  covers  the  measurement  of  emittance 
using  the  quadrupole  scan  technique.  Although  the  quad  scan 
is  a  commonly  used  technique  for  measuring  emittance,  in  a 
photoinjector-based  system  this  technique  can  lead  to 
erroneous  emittance  measurements. 


Figure  1  Basic  components  of  a  photoinjector  are  a  laser,  a 
photocathode,  an  rf  source,  and  an  rf  cavity. 

Photoinjectors  [1  ],  conceptually  shown  in  Figure  1,  have 
several  unique  characteristics.  A  high  gradient  rf  cavity  is 
used  to  supply  the  accelerating  field.  The  high-gradient  not 
only  reduces  space  charge  effects,  but  the  gradient  also 
enables  laminar  flow  from  the  cathode  through  the 
accelerator  to  the  beamline.  Since  the  electron  beam  does  not 
undergo  transverse  or  axial  mixing,  a  large  fraction  of  the 
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emittance  growth  due  to  space  charge  can  be  corrected  by  a 
technique  called  emittance  compensation  [2  ].  The  high 
gradient  also  allows  the  extraction  of  high  charge  for  closely 
spaced  pulses  resulting  in  a  high  average  current  [3  ]. 

Since  the  electron  source  is  a  photocathode  illuminated 
with  a  laser,  the  machine  designer  has  complete  control  over 
the  spatial  and  temporal  characteristics  of  the  electron 
emission  process.  The  gun  can  directly  produce  very  short 
electron  pulses  limited  only  by  the  gun  gradient  and  charge 
in  the  pulse.  For  instance,  1  nC  from  a  cathode  with  a 
surface  gradient  of  30  MV/m  will  have  a  6  ps  pulse  length. 

11.  BASIC  PHOTOINJECTOR  TYPES 

The  motivation  for  the  first  photoinjector  experiment, 
shown  in  Figure  2,  was  the  need  for  an  electron  source  that 
has  an  rms  emittance  of  less  than  40  n  mm-mrad  and  the 
capability  of  generating  greater  than  1  A  average  current. 
From  the  first  use  of  a  photoinjector  in  1985  [1],  many 
different  systems  have  been  designed  to  meet  the  needs  of 
very  different  applications.  The  applications  include  high- 
average-current  electron  beams,  high-brightness  source  for 
free-electron  lasers  and  colliders,  high  pulse  charges  for 
Wakefield  accelerators,  high-duty  factor  picosecond  high- 
energy  x-ray  pulses,  and  picosecond  soft  x-rays  by  Compton 
scattering.  The  advantage  of  this  source  for  Compton 
scattering  is  that  the  drive  laser  for  the  photo  cathode  can  be 
used  as  the  scattering  laser.  Using  the  drive  laser  provides 
sub-picosecond  synchronization  of  the  electron  pulse  and  the 
laser  pulse. 


Figure  2  The  first  photoinjector  experiment  demonstrated 
an  emittance  of  less  than  30  n  mm-mrad  at  10  nC,  a 
maximum  27  nC  per  53  ps  long  micropulse,  and  2.9  A 
average  current  for  a  6  |is  long  macropulse.  The  current 
density  was  estimated  to  be  600  AJcrn  from  a  Cs3Sb  cathode. 

Research  is  still  proceeding  on  high-average  current 
machines  at  Boeing  [4  ],  and  at  Bruyeres-le-Chatel  [5  ].  The 
first  demonstration  of  a  high-average  current  using  a 
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photoinjector  was  on  the  Boeing  accelerator.  This  25%  duty 
factor  machine  has  demonstrated  an  average  current  of  32 
mA  at  5  MeV,  giving  a  average  beam  power  of  160  kW.  The 
macropulse  average  current  was  0.13  A.  The  beam  emittance 
was  5  to  10  7C  mm-mrad  for  1  to  7  nC  pulse  charge.  An 
example  of  the  machine  located  at  Bruyeres-le-Chatel  is 
shown  in  Figure  3. 


A  new  photoinjector  operating  at  17  GHz  has  been 
constructed  at  the  Massachusetts  Institute  of  Technology. 
This  gun  has  1-1/2  cells  with  peak  surface  fields  of  250 
MV/m  and  a  peak  cathode  surface  field  of  200  MV/m.  The  rf 
source  is  a  gyro- amplifier  developed  at  MIT  [7  ]. 

III.  PHOTOINJECTOR  OPERATIONAL 
CHARACTERISTICS 


Cavltf  MK2 


Figure  3  Photoinjector  at  LEL-HF  Bruyeres-le-Chatel.  RF 
cell  produces  a  2.0  MeV  beam  at  5  nC  with  a  pulse  length  of 
20  to  50  ps.  They  have  measured  4  n  mm-mrad  at  1  nC. 

Many  designs  are  based  on  the  work  done  at  Brookhaven 
National  Laboratory  at  2856  Mhz  [6  ].  A  schematic  of  one  of 
their  1-1/2  cell  guns  is  shown  in  Figure  4. 


Figure  4  Brookhaven’ s  2856  MHz  photoinjector  operates  at  3 
MeV  and  has  produced  4  n  mm-mrad  at  1  nC  with  a  cathode 
field  of  70  MV/m.  The  gun  has  generated  4.5  MeV  beams. 

The  Brookhaven  type  of  gun  is  being  used  for  advanced 
accelerator  studies,  free-electron  lasers,  and  linear  collider 
injectors.  One  of  the  advantages  of  operating  near  3  GHz  is 
the  higher  cathode  surface  electric  fields  that  can  be  obtained 
relative  to  operating  at  lower  frequencies. 


This  section  covers  the  operational  characteristics  of 
photoinjectors.  This  section  is  covers  three  topics: 
photocathodes,  photocathode  lasers,  and  photoinjector 
performance. 

A.  Photocathodes 

Photocathodes  can  be  divided  into  two  classes  based  on 
quantum  efficiency  (QE):  low  QE  and  high  QE. 

Low  QE  cathodes  are  characterized  by  having  reduced 
vacuum  requirements  and  are  relatively  easy  to  produce. 
These  cathodes  fall  into  two  groups,  metals  and  thermionic 
emitters. 

Many  different  metals  have  been  considered  for 
photoinjector  cathodes.  Copper  and  magnesium  [8  ]  are  the 
most  common  choices.  Other  metals  that  have  been 
considered  are:  Al,  Au,  stainless  steel,  Sm,  Y,  W,  Zn,  Au, 
Mo,  Ta,  Pd,  Zr,  Ba,  Na,  Ca  [9  ],[10  ].  Measurements  of 
quantum  efficiency  vary  considerably  among  individual 
researchers.  This  variation  can  in  part  be  attributed  to 
differences  in  samples,  preparation  techniques,  and 
contamination  before  and  during  measurements.  Also  the 
UCLA  group  has  reported  non-uniform  emission  occurring 
after  use  in  a  photoinjector  [11  ].  Overall,  the  measured 
quantum  efficiency  of  metals  varies  from  less  than  10'^  to  3  x 
10'^  near  a  wavelength  of  250  nm. 

The  thermionic  emitters,  LaBg  [12  ]  and  BaO,  have  also 
been  used  as  cathodes,  both  heated  and  unheated.  Again,  the 
measured  quantum  efficiencies  are  dependent  on  many 
factors  and  varies  among  laboratories.  Quantum  efficiencies 
of  greater  than  10^  have  been  measured.  The  temporal 
response  in  the  picosecond  regime  for  these  cathodes  has  not 
been  measured. 

Another  metal  cathode  being  used  in  the  ATF  at  the 
Kharkov  Institute  is  pressed  BaNi.  They  quote  a  QE  of  1.7  x 
10'^  [13]. 

High  QE  photocathodes,  in  general,  require  a  good 
vacuum  and  have  a  more  sophisticated  fabrication  procedure. 
These  types  of  cathodes  can  be  subdivided  into  three 
categories:  multialkali,  crystal-like,  and  GaAs. 

The  Cs3Sb  multialkali  cathode  was  the  first  cathode  used 
in  a  photoinjector.  Since  then  a  large  number  of  other 
multialkali  cathodes  have  been  used,  such  as  CsK^Sb, 
AgO:Cs,  CsNaKSb,  K3Sb,  and  NaK,Sb. 

Multialkali  cathodes  have  a  significant  advantage  over 
metal  cathodes.  These  cathodes  have  QE’s  over  2%  at  532 
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nm,  making  the  drive  laser  requirements  less  stringent. 
Unfortunately,  since  they  are  used  with  lower  energy 
photons,  they  tend  to  be  very  susceptible  to  contamination 
and  require  10‘'^  torr  vacuum  systems.  Because  of 
contamination  issues,  these  cathodes  have  limited  lifetimes. 

The  crystal-like  cathodes,  Cs^Te,  Csl,  K^Te  all  require 
laser  wavelengths  of  at  least  250  nm  for  quantum  efficiencies 
over  2%.  Their  advantage  is  that  they  can  survive  in  10‘® 
vacuum  systems  [9], [14  ].  Also  these  cathodes  can  be 
rejuvenated  by  heated  to  150  C  and  reused. 

Finally,  GaAs  has  been  used  for  many  years  as  a 
polarized  electron  source.  KEK  plans  to  use  this  cathode  in  a 
specially  cleaned  photoinjector  that  exhibits  almost  no 
change  in  impurities  and  background  pressure  with  and 
without  rf  power  [15  ]. 

There  is  a  wide  variety  of  photocathodes  to  choose  from 
based  on  the  system  requirements.  The  photocathode,  though 
difficult,  is  no  longer  a  major  impediment  to  using  this 
technology. 

B.  Photoinjector  Lasers 

The  key  to  the  stability  and  reliability  of  a  photoinjector 
is  the  drive  laser.  The  advantage  of  using  a  laser  is  that  the 
cathode  can  be  illuminated  with  any  temporal  and  spatial 
profile  required  to  optimize  the  gun  performance.  Lasers 
have  excellent  temporal  stability,  with  almost  all  of  the 
present  systems  in  use  having  less  than  picosecond  temporal 
jitter.  Also,  if  only  single  pulses  are  required,  a  laser  can 
generate  very  large  energy  per  pulse  (LLNL  NOVA  laser 
can  generate  nearly  1  kJ  in  less  than  10  ns). 

The  remaining  difficulty  in  the  laser  systems  is  the 
macropulse  to  macropulse  amplitude  stability.  Achieving  less 
than  10%  amplitude  stability  is  very  difficult  with  present 
systems.  The  technology  exists  to  achieve  less  than  1% 
stability,  but  not  the  resources. 

Lasers  can  generate  high  peak  energy  in  short  pulses 
easier  than  long  (many  microseconds)  pulses.  It  follows  that 
for  long  pulse  trains  a  minimum  QE  of  0.5%  is  required. 

One  other  issue  that  can  be  critical  to  stable  operation  is 
pointing  stability.  Since  the  laser  defines  the  spatial  profile  of 
the  emission,  the  laser  must  be  stably  pointed  at  the  cathode. 
For  example,  the  large  solenoid  around  the  gun  region  of  the 
Advanced  Free-Electron  Laser  [16  ]  acts  to  amplify  small 
transverse  spatial  variations  of  the  cathode  position.  This 
amplification  occurs  because  of  the  long  distance  from  the 
large  solenoid  to  the  first  focusing  element  (2.5  m  lever  arm). 
Even  though  the  cathode  diameter  is  8  mm,  a  shift  of  100 
microns  in  the  centroid  will  image  to  a  25  micron  shift  in  the 
middle  of  the  wiggler. 

C.  Performance  Characteristics 

Photoinjectors  routinely  generate  greater  than  500  A/cml 
For  most  systems  this  current  density  is  limited  only  by  the 
field  gradient  on  the  cathode  or  the  laser  intensity. 


Most  photoinjectors  generate  between  1  and  10  nC  per 
micropulse.  Argonne  National  Lab  has  generated  greater  than 
50  nC  per  micropulse. 

Electron  pulse  lengths  are  limited  by  space  charge  effects 
in  the  first  few  centimeters  in  front  of  the  cathode.  Typically, 
less  than  10  ps  pulses  are  generated  for  1  nC  of  charge  in  a 
micropulse  (in  the  AFEL  6  ps  for  1  nC) 

The  measured  electron  beam’s  rms  emittance  varies, 
depending  on  the  machine  design,  between  1  and  5  it  mm- 
mrad  for  1  nC  in  a  nndcropulse.  Some  newer  designs  give  less 
than  1  n  mm-mrad  for  1  nC  [17  ]. 

IV.  EMITTANCE  MEASUREMENTS  ON  A 
PHOTOINJECTOR 

Emittance  measurements  in  a  photoinjector  are 
complicated  by  one  of  the  photoinjector’s  advantages. 
Because  of  the  rapid  acceleration  and  lack  of  other  beamline 
components  in  the  gun  region,  the  longitudinal  phase  space 
of  the  beam  does  not  thermalize.  As  a  result  of  the  non- 
thermalization,  different  longitudinal  parts  of  the  beam 
propagate  with  their  own  trajectories.  This  complicates  the 
analysis  of  the  beam’s  phase  space  ellipse.  Commonly  used 
techniques  for  measuring  emittance,  such  as  pepperpot 
technique  or  quadrupole  scans,  can  lead  to  erroneous 
emittance  and  phase-space  ellipse  measurements. 

In  the  first  photoinjector  experiment,  a  pepperpot  was 
used  to  measure  the  emittance  [18  ].  Because  of  the 
longitudinal  variations  in  phase-space,  the  emittance  was 
underestimated  by  a  factor  of  four.  In  this  section,  I  will 
describe  difficulties  in  using  a  quadrupole  scan  technique  to 
determine  the  beam’s  emittance. 

For  a  thin  lens,  the  rms  unnormalized  emittance,  can 
be  calculated  by  fitting  the  beam  spot  size  to  the 
coefficients  of  1/fin  the  following 

where  is  the  unnormalized  rms  emittance,  L  is  the  spacing 
between  the  quadrupole  and  the  image  screen,  /  is  the  focal 
length  of  the  quadrupole,  is  the  focal  length  that  gives  the 
minimum  spot  size  [19  ].  The  focal  length  of  a 

quadrupole  is  ^ym^c/(leB),  where  p,  y  are  the  relativistic 
factors,  is  the  mass  of  an  electron,  c  is  the  speed  of  light,  I 
is  the  quadrupole  length,  e  is  the  electron  charge,  and  B  is  the 
quadrupole  field  gradient. 

For  a  thick  lens,  the  spot  size  can  be  fit  using  the  Twiss 
parameters  20  with  the  following  formula, 

=  e K2Y,  -  2/nn'”i2a,  +  K  ], 

where  y^  P^  and  are  the  Twiss  parameters  of  the  beam  at 
the  quadrupole.  The  coefficients  of  the  Twiss  parameters  are 
from  the  Twiss  parameter  transfer  matrix  for  a  thick  lens, 
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^  =  cos(0  )-dQ  sin(9 )  /  L 
mj2  =  ^  cos(0 )  +  L  sin(0 )  /  0 
0  =  L^eB  ! 

where  d  is  the  quadrupole’s  axial  length  and  L  is  the  spacing 
from  the  end  of  the  quadrupole  to  the  image  screen.  Using 
the  identity  =1>  then  the  rms  unnormalized  emittance 

can  be  calculated  from  the  coefficients  of  the  fit. 

The  experimental  data  and  the  fit  using  the  Twiss 
parameters  are  shown  in  Figure  5,  The  thin  lens  fitting 
procedure  was  also  used  on  the  experimental  data  and  the 
results  were  within  10%.  The  rms  emittance  as  calculated 
from  the  fit  for  either  the  data  spot  sizes  or  for  the 
PARMELA  spot  sizes  is  2.3  %  mm-mrad.  The  PARMELA 
simulation  gives  an  integrated  rms  emittance  of  5  7C  mm- 
mrad. 


Figure  5  The  data  and  PARMELA  simulation  are  for  a 
quadrupole  scan  with  the  FWHM  taken  at  a  screen  30  cm 
downstream  from  the  quadrupole.  The  electron  pulse  is  1.9 
nC  at  17.2  MeV.  The  beam  is  produced  by  a  Cs2Te  cathode 
illuminated  by  a  8  ps  laser  pulse.  The  laser’s  spatial  profile 
is  a  6  mm  FWHM  gaussian  clipped  with  a  circle  of  5.2  mm 
diameter.  The  FWHM  of  each  slice  at  the  screen  is  plotted  as 
a  function  of  the  quadrupole  gradient. 

The  discrepancy  in  emittance  is  due  to  the  manner  in 
which  the  data  is  analyzed.  Measuring  the  full  distribution  of 
an  image  on  a  screen  is  susceptible  to  many  errors.  In 
particular,  the  correction  of  data  due  to  baseline  shifts  and 
the  non-linear  response  of  cameras,  especially  at  low 
intensity,  is  very  difficult.  Unfortunately,  the  rms  emittance 
numbers  are  very  sensitive  to  the  tails  of  the  distribution.  So 
instead,  many  researchers  measure  an  unambiguous 
parameter  of  the  spot-size,  the  full-width  half-maximum.  As 
can  be  seen  in  Figure  5,  the  agreement  between  the  FWHM’s 
from  the  experimental  measurement  and  the  FWHM’s  from 


PARMELA  is  very  good.  However,  because  of  the 
longitudinal  dynamics  of  different  slices,  the  FWHM 
measurement  cannot  be  used  to  directly  compute  the  beam’s 
emittance.  In  Figure  5,  the  dashed  curve  shows  the  IWHM  as 
calculated  from  the  rms  spot  sizes  from  PARMELA.  Now  the 
quadrupole  scan  fit  gives  an  emittance  close  to  the  calculated 
emittance. 

The  variation  of  FWHMs  at  the  screen  of  the  individual 
slices  with  changing  quadrupole  strength  is  shown  in  Figure 
6.  The  reason  for  the  discrepancy  in  emittance  is  readily 
apparent.  The  ends  of  the  micropulse  are  focused  differently 
than  the  middle  of  the  pulse.  The  FWHM  spot  size 
measurement  is  thus  complicated  by  the  different 
longitudinal  portions  of  the  pulse  contributing  to  the  FWHM 
in  differing  amounts  as  the  quadrupole  is  varied. 

The  minimum  spot  size  is  dependent  on  the  cathode 
temperature  and  any  residual  magnetic  field  on  the  cathode. 
Thus  far,  the  cathode  temperature  of  Cs2Te  has  not  been 
measured.  The  cathode  initial  emittance  can  be  inferred  by 
adding  a  minimum  spot  size  to  the  PARMELA  spot  sizes 
(square  root  of  sum  of  squares).  From  the  experimental  data, 
this  gives  an  initial  emittance  of  2.8  n  mm-mrad, 
corresponding  to  a  transverse  energy  of  1.2  eV.  The  partition 
of  this  energy  between  residual  magnetic  field  at  the  surface 
of  the  cathode  and  cathode  temperature  cannot  be 
determined. 


Figure  6  The  TAPE2  PARMELA  output  was  processed 
by  dividing  the  longitudinal  length  of  the  pulse  into  1 1  equal 
segments.  The  FWHM  of  each  slice  at  the  screen  is  then 
plotted  as  a  function  of  the  quadrupole  gradient.  The  fraction 
of  charge  in  each  slice  is  shown  in  the  legend.  The  thick 
black  line  is  the  summation  of  all  the  individual  FWHM’s. 
To  make  sure  the  slicing  was  done  properly,  the  summation 
is  compared  with  the  normal  output  of  PARMELA  (an 
integration  over  all  slices). 

Finally,  the  large  solenoid  around  the  cathode  region  is 
the  main  steering  and  focusing  element  in  the  system.  This 
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results  in  the  beam’s  phase  space  ellipse  being  very  sensitive 
to  the  magnitude  of  the  solenoid’s  field.  In  the  case  shown 
above,  the  measured  value  of  the  large  solenoid’s  field  was 
within  1%  (the  experimental  error  was  5%)  of  the  value 
predicted  by  PARMELA.  Changes  in  magnetic  field  as  small 
as  1%  are  easily  observable  in  simulation  and  have  a 
significant  effect  on  the  beam’s  Twiss  parameters. 

V.  SUMMARY 

Photoinjector  technology  has  had  significant 
developments  in  the  decade  since  its  inception.  Designs  now 
span  a  large  range  in  frequencies  and  electron  pulse 
requirements.  The  photocathode  source,  though  difficult,  is 
not  a  major  impediment  to  implementing  a  photoinjector- 
based  system.  However,  the  amplitude  stability  of  the  drive 
laser  for  the  photocathode  is  an  issue. 

The  measurement  of  the  phase  space  of  the  pulse 
produced  from  a  photoinjector  is  not  straightforward.  An 
exact  comparison  with  simulation  is  required  for  a  thorough 
understanding  of  the  phase  space  of  the  pulse.  For  a  good 
simulation,  an  accurate  measurement  of  magnetic  fields, 
photocathode  laser  profile,  accelerating  fields,  and  phasing  of 
the  laser  and  rf  is  required.  With  accurate  measurements, 
good  agreement  between  experiment  and  simulation  can  be 
obtained. 

A  large  solenoid  around  the  cathode  region  is  sometimes 
used  to  reduce  the  emittance  of  the  beam  by  the  technique  of 
emittance  compensation.  In  these  types  of  photoinjectors,  the 
transport  of  the  beam  downstream  is  very  sensitive  to  the 
location  of  the  electron  emission,  collinearity  of  the  magnetic 
field  with  the  beam  trajectory,  and  the  magnitude  of  the 
magnetic  field. 
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ABSTRACT 

The  SLAC  Gun  Test  Laboratory  apparatus,  the  first  two 
meters  of  which  is  a  replica  of  the  SLAC  injector,  is  used  to 
study  the  production  of  intense,  highly-polarized  electron 
beams  required  for  the  Stanford  Linear  Collider  and  future 
linear  colliders.  The  facility  has  been  upgraded  with  a  Mott 
polarimeter  in  order  to  characterize  the  electron  polarization 
from  photocathodes  operating  in  a  DC  gun.  In  particular, 
SLAC  utilizes  p-type,  biaxially- strained  GaAs  photocathodes 
which  have  produced  longitudinal  electron  polarizations 
greater  than  80%  while  yielding  pulses  of  5  A/cw?  at  an 
operating  voltage  of  120  kV.  Among  the  experiments 
performed  include  studying  the  influences  of  the  active  layer 
thickness,  temperature,  quantum  efficiency  and  cesiation  on 
the  polarization.  The  results  might  help  to  develop  strained 
photocathodes  with  higher  polarization. 

L  INTRODUCTION 

The  Stanford  Linear  Accelerator  Center  (SLAC)  conducts 
experiments  in  high-energy  physics  to  study  the  structure  of 
elementary  particles.  Recent  experiments  have  required  high- 
intensity,  high-polarization  electron  beams.  Advances  in  III-V 
semiconductors  have  led  to  photocathodes  which  produce 
beams  with  polarization  in  excess  of  80%. 

The  Gun  Test  Laboratory  was  created  to  study  guns  and 
photocathodes  for  the  SLAC  injector  and  the  Next  Linear 
Collider  project.  Of  particular  interest  in  this  work  has  been  to 
investigate  the  polarization  dependence  on  cathode  thickness, 
temperature,  quantum  efficiency  (QE)  and  cesiation.  The 
results  of  these  experiments  have  shed  light  on  understanding 
semiconductor  properties  which  will  aid  us  to  develop  better 
photocathodes  for  future  experiments. 

IL  APPARATUS 

A  schematic  of  the  Gun  Test  Laboratory  apparatus  is 
shown  in  Fig.  1 .  The  injector  section  includes  an  ultra-high- 
vacuum,  high-voltage  electrostatic  gun,  a  load-lock  chamber 
for  cathode  transfer  and  activation  (not  shown  in  Fig.l),  a 
beamline  with  magnetic  components  for  electron  beam 
transport,  and  several  instruments  for  steering  and 
characterizing  the  beam  [1].  The  gun  consists  of  a  pair  of 
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cylindrical  Pierce  electrodes  with  a  20  mm  diameter 
photocathode.  The  cathode  is  normally  biased  at  -120  kV. 
After  transport  beyond  the  bend,  the  beam  is  injected  into  the 
recently  commissioned  Mott  beamline  [2].  This  section 
includes  an  electrostatic  spin  rotator  and  a  Mott  scattering 
chamber  with  two  CaF2(Eu)  scintillator  detectors  located  120° 
with  respect  to  the  incident  beam  axis.  The  Mott-scattering 
target  is  700  A  gold  on  1.3  |im  carbon  backing. 

The  light  for  electron  photoemission  is  provided  by  two 
independent  Ti: Sapphire  cavities  which  are  pumped  by  a 
pulsed  Nd:YAG  laser  [1].  The  cavities  are  not  designed  for 
rapid  tuning  of  the  wavelength,  thus  limiting  each  experiment 
to  at  most  two  wavelengths.  Each  pulse  is  2  ns  FWHM.  A 
Pockels  cell  is  used  to  produce  >99%  circularly-polarized 
light,  reversible  from  pulse  to  pulse. 

The  polarimeter  calibration  was  performed  with  a 
‘standard’  photocathode  whose  polarization  has  been 
measured  by  highly  accurate  instruments  [2,3].  The  absolute 
uncertainty  of  the  polarization  measurements  is  ~5%, 
expected  to  become  ~3%.  The  cathodes  studied  include  a  100 
nm  active-layer  (110)  GaAs  (Cl),  100  nm  strained-active- 
layer  (100)  GaAs  (C2)  and  a  bulk  (100)  GaAs  (C3).  The 
biaxial-compressive  stress  in  C2  is  obtained  by  growing 
GaAs  on  GaAso.72Po.28  which  has  a  lattice  constant 
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FIG.  2.  Energy-band  diagrams  of  the  electromagnetic 
transitions  at  the  T  point  for  (a)  GaAs  and  (b)  strained  GaAs. 
The  polarization  corresponds  to  excitation  of  valence  band 
states  by  left-circularly-polarized  illunnination.  The  circled 
numbers  indicate  the  relative  transition  strengths. 

approximately  1%  smaller  than  bulk  GaAs  [4].  Cl  and  C2  are 
doped  to  5x10^^  cm“^  while  C3  is  doped  to  2x10^^  cm*^.  The 
electromagnetic  transitions  that  lead  to  electron  beam 
polarization  are  shown  in  Fig.  2. 

III.  RESULTS 

Several  conduction  band  spin-relaxation  effects  take 
place  in  the  bulk  of  a  semiconductor  [5,6].  Electron 
depolarization  as  a  function  of  material  thickness  has  been 
observed  previously  and  has  prompted  the  use  of  thin  samples 
[7].  Thus  the  higher  room-temperature  polarization  of  Cl 
(P=44%)  over  C3  (P=29%)  is  brought  about  by  reduced  travel 
time  of  electrons  in  the  semiconductor. 

Large  improvements  in  polarization  from  bulk  materials 
brought  by  lower  temperatures  [8]  led  us  to  investigate  the 
possibibility  of  existence  of  this  effect  in  Cl  and  C2.  Figure  3 
shows  a  plot  of  C2’s  polarization  as  a  function  of  temperature. 
The  small  improvement  in  P  indicates  that  spin  relaxation 
mechanisms,  which  typically  have  strong  temperature 
dependencies  [6],  do  not  play  a  major  role  in  the 
depolarization  of  electrons  from  thin  materials. 

To  see  how  temperature  affects  the  spin  orientation  of 
electrons  in  thin  samples,  consider  the  electron  polarization  in 
the  conduction  band  at  the  time  of  recombination 

^  =  w 

i+— 


where  Pq  is  the  initial  electron  polarization,  t  is  its  lifetime  in 
the  conduction  band  and  is  the  spin-relaxation  time.  Strictly 
speaking,  Eqn.  (1)  applies  to  the  ideal  photoluminescence 
experiment;  however,  it  can  be  used  to  approximate  the  spin 
orientation  of  a  photoemitted  electron.  (A  complete  model  for 
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FIG.  3.  Electron  polarization  versus  temperature  for  100  nm 
strained  GaAs  (p-doped  to  5x10^^  cm"^).  Two  wavelengths 
were  used  to  track  the  increase  in  bandgap  with  lower 
temperatures.  Peak  polarization  at  low  temperatures  increases 
by  ~1%  from  its  room-  temperature  value. 

the  polarization  of  a  photoemitted  electron  would  include  light 
absorption,  diffusion  to  the  surface,  and  emission  from  the 
band-bending/surface  region.)  The  travel  time  of  a 
thermalized  electron  in  100  nm  in  the  absence  of  collisions  is 
about  2.5x10"^^  s  (<v>^=4xl0'^  cm/s  at  room  temperature  [9]). 
Such  time  is  already  much  smaller  than  the  spin-relaxation 
time  Ts~2x10"^^  s  [6].  Substitution  into  Eqn.  (1)  of  a 
considerably  longer  spin-relaxation  time  due  to  lower 
temperatures  increases  the  electron  polarization  by  only  2%. 

After  cesiating  a  photocathode  beyond  its  photoemission 
peak,  the  QE  and  polarization  will  have  dropped  as  shown  in 
Fig.  4.  This  excess  cesium  might  contribute  to  depolarization 
[11].  As  the  cesium  state  on  the  surface  of  the  photocathode 
changes  with  time,  the  QE  and  polarization  improves. 
However,  when  the  surface  conditions  worsen,  the  QE  drops 
but  the  polarization  keeps  improving.  This  polarization 
dependence  on  QE,  with  lower  QEs  yielding  higher 
polarizations,  has  been  seen  before  [1,8].  This  effect  is  larger 
on  strained  samples  like  C2  (AP/P~5%)  than  on  unstrained 
samples  like  Cl  (AP/P~1%).  As  the  QE  decreases,  the  rise  of 
the  work  function  helps  to  filter  out  those  electrons  that  have 
lost  energy  due  to  scattering  during  their  trip  (or  trips,  in  the 
case  of  reflected  electrons)  to  the  surface.  These  electrons 
might  have  lower  polarization  than  ballistic  electrons. 

The  stronger  dependence  of  polarization  on  QE  in 
strained  samples  is  due  to  their  broad-band  configuration.  The 
lack  of  well-defined,  split-P3/2  states  is  caused  by  partial 
strain  relaxation  [10].  The  combination  of  various  stages  of 
strain  relaxation  results  in  electrons  higher  in  the  broad 
conduction  band  having  higher  polarizations  than  those  at  the 
very  bottom  of  the  band  [2].  As  the  surface  degrades  with 
time,  the  rising  work  function  prevents  low  conduction  band 
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FIG.  4.  Polarization  and  QE  after  cesiation  for  strained 
GaAs,  The  large  drop  in  P  is  due  to  the  new  cesium  on  the 
surface.  Also  shown  is  the  rise  of  P  as  the  QE  decreases. 


electrons  from  escaping.  Such  an  effect  is  shown  in  Fig.  5. 


IV.  DISCUSSION 


The  lower  polarization  in  thin  (110)  GaAs  (P=44% 
instead  of  P=50%)  and  its  weak  dependence  on  temperature 
might  indicate  that  the  source  of  depolarization  is  not  in  the 
bulk  but  in  the  surface/band-bending  region  instead.  A 
polarization  dependence  on  crystal  orientation  has  been 
observed  before  [12].  The  crystal  orientation  and  surface 
composition  determine  the  density  of  surface  states  and  the 
amount  of  band-bending  [13].  In  cases  with  large  band¬ 
bending,  the  electron  can  be  reflected  at  the  surface  due  to  its 
interaction  with  the  L-valley  in  the  conduction  band  [9,14]. 
(The  L-valley  is  shown  as  the  upper  dotted  line  in  Fig.  5.) 
During  the  repeated  attempts  at  escape  in  the  band-bending 
region,  the  electron  can  recombine  with  surface  states  or  the 
valence  band,  loose  energy  through  scattering  and  become 
unable  to  escape,  and  suffer  spin  relaxation.  In  addition,  large 
electron  kinetic  energies  in  the  band-bending  region  are 
thought  to  increase  the  probability  of  spin  relaxation  [15]. 

A  (1 IIB)  surface  (arsenic  terminated),  on  the  other  hand, 
has  much  less  band-bending  (0.1  eV  at  the  surface  and  50  A 
wide)  which  leads  to  lower  probability  of  electron  reflection 
and  lower  scattering  in  the  band-bending  region.  Hence  the 
probability  of  escape  is  higher  and  less  depolarization  is 
expected.  Fortunately,  the  valence  band  splitting  of  (111) 
strained  samples  is  similar  to  that  of  (100)  samples  [16].  A 
strained  (11  IB)  GaAs  sample  could  be  the  next  step  towards 
higher  polarization  and  higher  QE  photocathodes. 

V.  CONCLUSION 


Experiments  in  the  upgraded  Gun  Test  Laboratory  have 
illustrated  the  behavior  of  photocathodes  under  various 


FIG.  5.  Surface  band  diagram  showing  the  filtering  of  low- 
conduction-band  electrons  by  a  rising  work  function.  The 
(100)  GaAs  band-bending  is  0.3  eV  at  the  surface  and  90  A 
wide  for  p-type  doping  of  5x10^^  cm"^.  The  upper  dotted  line 
represents  the  upper-conduction-band  L-valley  which  is 
responsible  for  reflections  at  the  surface. 

conditions.  A  thin  active  region  minimizes  the  travel  time  of 
electrons  in  the  conduction  band  and  thus  reduces  the  effect  of 
depolarization  mechanisms.  It  was  shown  that  low 
temperatures  do  not  greatly  improve  the  polarization  in  thin 
photocathodes.  The  10%  lower  polarization  than  theoretically 
expected  in  thin,  unstrained  (110)  GaAs  could  indicate  that 
depolarization  mechanisms  occur  instead  in  the  band¬ 
bending/surface  region.  Strained  (11  IB)  GaAs  seems  like  a 
promising  material  for  higher  polarization  and  QE  because  of 
its  small  band-bending  region, 
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The  initial  experimental  results  of  the  Brookhaven  accelerator 
test  facility  (ATF)  in-line  injector  is  presented.  The  ATF  in¬ 
line  injector  employed  a  full  copper  RF  gun  with  a  pair  of 
solenoid  magnets  for  emittance  compensation.  The  maximum 
acceleration  field  of  the  RF  gun  was  measured  to  be  130 
MV/m.  The  electron  yield  from  the  copper  cathode  was 
maximized  using  p-  polarized  laser  and  the  Schottky  effect. 
The  quantum  efficiency  under  optimum  conditions  was 
measured  to  be  0.04%.  The  measured  electron  bunch  length 
was  less  than  11  ps,  which  agreed  with  the  laser  pulse  length 
measurement  using  a  streak  camera.  The  normalized  rms. 
emittance  for  0.25  nC  charge  is  0.9  ±0.1  mm-mrad,  which 
is  almost  four  times  smaller  than  the  emittance  predicted  by 
the  space-charge  effect  for  a  non-emittance  compensation 
photocathode  RF  gun.  The  normalized  rms  emittance  for  0.6 
nC  charge  was  measured  range  from  1  to  3  mm-mrad.  This 
measurement  was  first  experimental  demonstration  of 
emittance  compensation  in  a  high-gradient,  S-band 
photocathode  RF  gun. 

I.  INTRODUCTION 

A  new  photocathode  RF  gun  injector  based  on  the  emittance 
compensation  technique  [1]  was  installed  at  the  Brookhaven 
accelerator  test  facility  (ATF). 

The  ATF  is  a  facility  dedicated  for  FEL  and  laser 
acceleration  research  [2] ,  consisting  of  a  laser  driven  RF  gun 
injector  [3],  70  MeV  linac  and  experimental  beam  lines. 

We  will  present  experimental  results  of  photoemission  and 
electron  beam  emittance  measurement  for  the  emittance 
compensation  RF  gun.  Comparison  of  experimental  results 
with  simple  analytical  predictions  show  that  the  measured 
emittance  smaller  than  the  uncompensated  emittance.  This 
indicates  that  the  emittance  compensation  actually  works. 

IL  THE  ATF  IN-LINE  INJECTOR 

The  design  of  the  injector  [4]  optimized  the  distance  between 
the  RF  gun  and  the  linac.  The  small  emittance  produced  by  the 
emittance  compensation  was  frozen  through  the  acceleration  in 
the  linac.  The  cell  photocathode  RF  gun  was  followed  by  a 
solenoid  magnet.  A  second  solenoid  magnet  was  placed  behind 
the  RF  gun  to  buck  the  first  solenoid  magnet.  Following  the 
solenoid  magnet  is  a  six-way  cross  for  vacuum  pumping  port, 
and  a  45  degree  aluminum  mirror  mounted  on  an  actuator  for 
monitoring  the  laser  beam  profile  and  optical  transition 
radiation  (OTR).  There  were  beam  profile  and  charge 
measurement  devices  located  before  and  after  the  ATF  two 
sections  linac.  A  group  of  quadrupole  magnets  positioned 
subsequently  can  be  used  for  emittance 

*This  work  was  performed  under  the  auspices  of  US  DOE 
under  Contract  No.  DE-AC02-76CH00016. 


measurement  or  beam  matching  for  the  experimental  lines. 
There  are  two  beam  profile  monitors  with  five  meter 
separation  after  the  linac.  A  pop-up  beam  profile  monitor  and 
momentum  slit  were  installed  after  the  dipole  magnet  for 
energy  spread  measurement  and  energy  selection. 

The  ATF  diode-pumped  Nd:YAG  oscillator  can  generate  81.6 
MHz  pulses  with  14  ps  FWHM  pulse  length  and  100  mW 
power.  The  IR  was  fi*equency  quadrupled  to  UV  (266  nm)  on 
the  laser  table.  The  UV  laser  pulse  was  transported  to  the  RF 
gun  hutch  via  20  meter  long  evacuated  pipe.  The  optics  in  the 
gun  hutch  was  designed  to  compensate  for  the  ellipticity  of 
the  emitting  area  caused  by  the  oblique  incidence. 

III.  RF  GUN  CHARACTERIZATION  AND 
ELECTRON  EMISSION  MEASUREMENTS 

It  took  about  a  week  of  conditioning  for  the  RF  gun  to  reach 
the  designed  acceleration  field  100  MV/m.  A  four  inch  mirror 
was  mounted  on  a  precision  optical  rotation  stage  outside  the 
window  of  the  six-way  cross  for  angular  distribution 
measurement  of  optical  transition  radiation  (OTR).  A  PMT 
was  used  to  detect  angular  distribution  of  OTR  while  a  CCD 
camera  was  used  to  measure  the  beam  profile  from  OTR.  Fig.2 
plotted  OTR  experimental  data  and  theoretical  fittings  for  two 
different  RF  power  levels.  The  data  showed  that  the  highest 
electron  beam  energy  is  about  6  MeV,  which  corresponds  to 
the  peak  acceleration  field  130  MV/m.  The  peak  surface  field 
in  the  RF  gun  cavity  is  about  20  %  higher  than  the 
acceleration  field. 

The  effect  of  the  coupling  slot  between  the  waveguide  and  RF 


Figure  1  Angular  distribution  of  OTR. 

gun  cavity  was  investigated  experimentally.  The  main  effect  of 
the  coupling  slot  is  introduction  of  TM^jq  mode  besides  the 
acceleration  mode  TMq^q  mode  in  the  RF  gun  cavity.  The 
combining  effect  of  those  two  modes  is  that  the  electric  center 
of  the  cavity  shifted  toward  the  coupling  slot.  The  field 
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emission  current  (dark  current)  profile  was  used  to  determine 
the  electric  center  of  the  cavity  because  its  strong  dqiendence 
on  the  field  strength.  We  aligned  the  laser  spot  on  the  RF  gun 
cathode  to  the  RF  gun  cavity  mechanical  center  within  50 
llm .  It  was  found  that  the  laser  spot  has  to  be  shifted  toward 
the  coupling  slot  by  about  1  mm  in  order  to  overlap  the 
photoelectron  beam  and  dark  current. 


Figure  2  The  Schottky  effect  measurement 


Photoemission  from  a  cathode  in  an  RF  gun  is  influenced  by 
the  relative  energy  difference  between  the  photon  energy  and 
the  work  function  of  the  cathode,  modification  of  this  work 
function  by  the  strong  electrical  fields  present  in  the  cavity, 
absorption  coefficient  of  the  cathode  for  the  irradiating  photon 
beam,  and  other  material  dependent  properties  such  as  the 
density  of  states,  and  surface  dependent  properties  such  as  the 
enhancement  due  to  surface  irregularities.  The  current  density 
for  a  field  assisted  single  photon  process  can  be  written  in  a 
general  form  as, 

j=Alil-R,)(hv-(l>+a^f  (1) 

A  is  a  material  dependent  constant,  I  is  the  intensity  of  the 
photon  beam,  R^  is  polarization  dependent  reflectivity,  hv  is 
the  photon  energy,  ([)  is  the  work  function  of  the  cathode,a  is 
(e/47teo)^^  in  MKS  units, P  is  the  field  enhancement  on  the 

surface  and  E  is  the  applied  electric  field.  The  term  a  4m 


case  considered  is  that,  optimized  conditions  for  emittance 
compensation  are  assumed,  good  transmission  through  six 
meter  linac  was  achieved,  and  a  small  good  beam  profile  can 
be  observed  on  the  collimator  right  after  the  linac.  Using 
computer  program  TRANSPORT,  if  no  emittance 
compensation  assumed,  either  poor  transmission  or  large  beam 
profile  at  the  exit  linac  would  be  observed  for  any  setting  of 
the  solenoid  current.  The  reason  for  that  is  when  emittance 
compensation  realized,  electron  beam  follows  laminar  flow 
trajectory  while  in  the  other  case  that  electron  beam  will 
follow  a  cross  over  trajectory  in  the  linac. 

Generally  speaking,  to  measure  the  beam  emittance  is  to 
determined  the  three  parameters  in  the  beam  matrix.  We  have 
used  two  profile  monitors  emittance  measurement  method  for 
its  simplicity  and  short  time  for  data  acquisition.  In  this 
method,  the  electron  beam  was  focused  to  produce  a  beam 
waist  at  one  of  the  beam  profile  monitors.  The  first 
measurement  was  with  50  MeV  electron  beam,  table  1  lists 
the  normalized  100%  emittance  and  quadmpole  currents  for 
focusing  the  beam  at  two  beam  profile  monitor  separately. 

Table  1:  Initial  emittance  and  corresponding  quadmpole 
current. 


Focus  at  near 

Focus 

BPM 

BPM 

Emittance(nmi-mrad) 

22 

15 

Focusing  quadmple 

6.65 

4.5 

current  (I) 

The  large  emittance  was  determined  to  be  the  result  of  some 
emittance  growth  mechanisms.  There  are  many  mechanism 
could  cause  emittance  growth,  such  space-charge  effect,  wake 
field  effect,  nonlinear  magnetic  field  and  chromatic  effect. 
Since  measurement  was  done  at  high  energy  (higher  than  10 
MeV),  space  charge  effect  is  negligible.  Also  wake  field  effect 
can  be  ignored  since  the  measurement  was  using  relative  low 
charge  (0.25  nC).  The  ratio  of  the  emittance  being  equal  to  the 
ratio  of  the  quadmpole  magnet  currents  suggested  chromatic 
effect.  Emittance  growth  for  a  single  quadmpole  magnet  from 
chromatic  effect  can  be  estimated  by [5], 


Ae  = 


Ap 

T~p 


(2) 


expresses  the  lowering  of  the  work  function  due  to  the 
Schottky  effect.  The  Schottky  effect  measurement  for 
optimized  polarization  was  shown  in  Fig.2. 

IV.  ELECTRON  BEAM  MEASUREMENT 

There  are  many  factors  that  affect  the  performance  of  an 
emittance  compensation  RF  gun  injector.  Extensive  studies 
were  carried  out  to  simulate  emittance  compensation  injector 
and  to  produce  a  procedure  to  achieve  the  emittance 
compensation  experimentally.  We  compared  the  electron  beam 
profile  from  RF  gun  to  the  exit  linac  in  two  cases.  The  first 


where  <7  is  the  beam  size  at  the  quadmpole,  /  is  the  focal 
length  of  the  quadmpole,  and  Ap/p  is  the  relative  energy  spread 
of  the  electron  beam.  Since  the  focal  length  of  the  quadmpole 
magnet  is  inverse  proportional  to  its  current.  We  concluded 
from  Eq.(2)  that  the  large  emittnace  measured  was  caused  by 
the  emittance  growth  due  to  the  chromatic  effect. 

To  reduce  chromatic  effect,  we  first  steered  the  laser  so  the 
photoelectron  beam  and  dark  current  overlap  on  each  other,  this 
will  reduce  the  energy  spread  and  beam  steering  from  dipole 
mode.  Since  the  chromatic  effect  causes  geometric  emittance 
growth,  we  lowered  the  linac  power  to  reduce  the  electron 
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beam  energy  to  37  MeV.  The  injector  design  called  for  2.0 
mm  laser  diameter  with  1  nC  charge.  Due  to  a  defect  in  the 
double  crystal,  the  largest  laser  spot  that  we  could  produce  at 
the  time  with  good  mode  quality  was  about  1  mm.  We  scaled 
the  charge  down  to  about  0.25  nC  by  reducing  the  laser 
energy.  The  peak  acceleration  field  at  the  gun  was  set  to  about 
80  MV/m. 


-15  -5  0  +5  +15 

Second  Linac  RF  Phase  (deg.) 


normalized  rms  emittance.  Upton  rq)eated  the  measurements 
the  spread  of  the  measured  emittance  is  about  ±  10  %. 

When  increased  the  charge  of  electron  to  0.6  nC,  abeam 
halo  was  observed.  Therefore  instead  of  measuring  total 
emittance,  we  measured  the  emittance  of  the  core  beam 
(FWHM).  The  measured  normalize  rms  emittance  range  from 
0.5  mm-mrad  to  1.5  mm-mrad.  Realizing  that  we  may  under 
estimated  the  emittance  [6],  we  believed  that  the  real  emittance 
is  between  1  to  3  mm-mrad. 

The  emittance  due  to  space-charge  contribution  in  a  non¬ 
compensation  photocathode  RF  gun  can  be  estimated  using 
following  simple  analytical  formulas[7], 

,  ^ _  (4, 

'  /x  (3<t, +5c<t,) 

where  a  =  eE^  /  Imc^k ,  I ^  is  Alfven  current  equal  to 

17000  A.  For  Q  =  0.25  nC,  the  space  charge  emittance  would 
be  3.4  without  emittance  compensation.  Similarly,  the  space 
charge  emittance  for  0.6  nC  would  be  8.2  mm-mrad. 
Comparing  our  experimental  results  with  the  predictions  from 
Eq.(4),  we  concluded  that  we  have  experimentally 
demonstrated  emittance  compensation  in  a  S-band,  high- 
gradient  photocathode  RF  gun. 


Figure  3  Energy  spread  vs.  linac  RF  phase. 

We  then  transported  the  electron  to  the  momentum  slit.  The 
horizontal  beam  size  observed  on  the  momentum  slit  is  given 

by, 

x  =  J^+D^  (3) 

P 

where  (3  is  the  beta  function  at  momentum  slit,  8  is  the 
horizontal  emittance,  D  =  5.4  mm/%  is  the  dispersion  at  the 
slit.  We  adjusted  beam  optics  so  that  the  beam  size  due  to  the 
energy  spread  was  dominant  over  the  emittance  term.  The  RF 
gun  phase  and  linac  phase  were  optimized  to  minimize  the 
energy  spread.  The  energy  spread  of  the  electron  beam  bunch 
was  measured  by  changing  the  RF  phase  of  the  second  linac 
section.  The  electron  beam  energy  was  about  17  MeV  at  the 
entrance  of  the  second  linac  section,  space  charge  effect  was 
negligible.  The  energy  spread  as  the  function  of  the  second 
linac  RF  phase  was  plotted  in  Fig.  3.  The  minimum  full 
width  energy  spread  (100  %  of  the  beam  )  is  0.5%,  which 
corresponds  to  the  full  width  electron  beam  bunch  length  less 
than  11  ps.  The  laser  pulse  was  measure  to  9  ps  FWHM 
using  a  single  shot  streak  camera. 

We  then  observed  electron  beam  on  the  collimator  right  after 
the  linac,  we  adjusted  solenoid  magnet  until  we  had  100  % 
electron  beam  transmission  and  the  smallest  beam  profile.  We 
also  modified  beam  optics  so  the  electron  beam  will  be  smaller 
at  the  quadmpole  magnets.  The  normalized  100  %  emittance 
measured  is  4.7  mm-mrad,  which  corresponding  0.9  mm-mrad 
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Abstract 

We  report  experimental  high  power  test  results  on  a  high  gradi¬ 
ent  17  GHz  RF  photocathode  gun.  The  1  ^  cell,  jr-mode,  copper 
cavity  was  tested  with  5-10  MW,  100  ns,  17.145  GHz  pulses 
from  a  24  MW  Haimson  Research  Corp.  klystron.  A  maximum 
surface  electric  field  of  250  MeVjm  was  achieved  correspond¬ 
ing  to  an  on-axis  gradient  of  150  MeV jm.  The  gradient  was 
verified  by  a  preliminary  electron  beam  energy  measurement. 
Conditioning  with  ~  10^  shots  resulted  in  a  low  field  emission 
current,  less  than  6  mA.  Future  research  will  concentrate  on 
measurements  of  the  quality  of  electron  beams  produced  by  ps 
laser  photoemission. 

1.  Introduction 

To  meet  the  stringent  requirements  set  by  future  applications 
such  as  high-energy  linear  colliders  and  next  generation  free 
electron  lasers,  efforts  have  been  made  recently  to  create  novel 
electron  beam  sources [1].  Operation  at  high  frequency  allows 
for  high  accelerating  gradient  without  breakdown,  a  compact 
system,  and  high  brightness.  While  existing  RF  guns  operate 
from  144  MHz  io  ?>  GHz,  MIT  is  constructing  and  testing  a 
17.136  GHz  photocathode  RF  gun[2]. 

When  operating  with  a  photoemission,  cathode  The  expected 
beam  parameters  of  the  MIT  17  GHz  RF  gun  are, :  output  energy 
2  MeV ,  normalized  emittance  0.477r  mm  rnrad,  energy  spread 
0.18%,  bunch  charge  0.1  nC,  and  bunch  length  0.47  ps.  The 
experimental  setup  and  status  are  described. 

11.  Experimental  Layout 

A.  RF  Source  and  Gun 

Figure  1  shows  the  RF  Gun  cavity.  Next  to  the  cavity  is  the 
mandrel  from  which  a  previous  version  was  electroformed.  Later 
versions  were  constructed  from  machined  OFHC  pieces  which 
were  clamped  together.  Future  versions  will  be  brazed.  The  1  - 
cell  cavity  length  is  about  1.3125  cm.  Figure  2  is  a  schematic 
of  the  experiment.  The  RF  power  source  is  a  17  GHz  relativistic 
klystron  developed  by  Haimson  Research  Corporation[3]  and 
presently  installed  on  the  MIT  High  Voltage  Modulator.  The 
modulator  voltage  pulse  is  560  kV,95  A,  and  1  /xs.  The  klystron 
has  a  peak  output  power  level  of  26  MW  corresponding  to  a 
saturated  gain  of  67  dB  and  an  efficiency  of  51%.  Following 
the  klystron  are  a  dual-directional  coupler,  a  twist,  a  bend,  an 
RF  window,  and  a  second  dual-directional  coupler.  The  two 
couplers  are  used  to  monitor  the  forward  and  reflected  power 
exiting  from  the  klystron  and  entering  the  cavity.  A  fast  Faraday 
cup  is  placed  just  at  the  exit  of  the  RF  gun  cavity  in  order  to 
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Figure.  1.  RF  Gun  Cavity  and  Mandrel 


measure  the  accelerated  current.  Lastly,  the  inside  of  the  cavity 
can  be  observed  optically  with  a  prism  built  into  the  Faraday  cup 
and  a  viewport  in  the  vacuum  vessel  which  holds  the  RF  gun. 
The  vessel  is  evacuated  by  a  220  I /s  ion  pump.  A  vacuum  of 
3  *  10“^  Torr  was  achieved  inside  the  RF  gun  chamber  after  a 
few  weeks  of  pumping.  This  viewport  permitted  the  detection  of 
arcing  and  breakdowns  which  occurred  inside  the  RF  gun  cavity. 
The  breakdowns  were  characterized  by  flashes  of  light  visible 
to  the  naked  eye  with  the  help  of  a  remote  television  camera 
looking  into  the  viewport.  These  flashes  were  coincident  with 
shots  in  which  a  large  spike  of  Faraday  cup  voltage  was  observed. 
The  rectangular  TEio  mode  is  coupled  to  the  cavity  through  two 
rectangular  apertures,  one  on  each  cell  of  the  cavity,  to  excite 
the  ;r-mode  resonance.  An  intensive  study  of  this  waveguide 
sidewall  coupling  scheme  has  been  conducted  both  theoretically 
and  experimentally [4].  The  values  of  Qo,  Q/,  and  P  are  1790, 
808,  and  1.22.  The  results  of  these  tests  and  preliminary  high- 
power  gyro-amplifier  operation  were  reported  in  [5]. 

B.  Laser 

An  Argon-Ion  pumped  Ti: Sapphire  laser  produces  a  regenera- 
tively  modelocked  CW  train  of  10“^  J  pulses  at780  nm  which  en¬ 
ter  a  pulsed  TiiSapphire  laser  amplifier.  The  amplifier  is  pumped 
by  a  1  7  frequency  doubled  Nd:  YAG  laser.  One  pulse  is  captured 
and  amplified  to  2  mJ.  Pulse-to-pulse  laser  power  fluctuation  in 
the  infrared  is  approximately  ±10%.  To  date,  the  amplified  IR 
pulse  has  been  frequency  doubled  using  a  KDP  crystal  with  an 
efficiency  of  50%.  The  pulse  still  must  be  frequency  summed  to 
generate  UV  using  a  BBO  crystal.  For  typical  quantum  efficien¬ 
cies  of  10~^  in  copper,  the  expected  electron  bunch  charge  is  0.4 
nC.  The  design  parameters  of  the  laser  system  are  summarized 
in  Table  1. 
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Table  I 


Faiad«y 

Cop 


Figure.  2.  Schematic  of  the  experiment 


C.  Timing 

Simulations  have  shown  that  the  beam  quality  is  strongly  de¬ 
pendent  on  the  RF  phase  of  photoemission [6].  The  phase  jitter 
is  required  to  be  less  than  1  ps  in  our  experiment.  The  highly 
stable  Ti: Sapphire  laser  system  serves  as  the  system  clock  in  the 
timing  chain.  The  modelock  frequency  of  84  MHz  is  defined 
by  the  round-trip  time  of  the  laser  cavity.  The  laser  oscillator 
cavity  mirrors  are  mounted  on  an  Invar  tube  to  minimize  length 
variations.  The  84  MHz  signal  is  multiplied  up  by  a  solid  state 
frequency  multiplier  (x  204)  into  17  GHz  to  drive  the  RF  am¬ 
plifier  chain  (see  Fig.  2. 


Parameters  of  the  laser  system 


Wavelength 
Repetition  rate 


Beam  Divergence 
Beam  Pointing  Error 
Mode-Lock  Frequency 


220-280  nm 
Single  pulse  and 
0-10  Hz  (adjustable) 
0-200  fjil  (adjustable) 
<  ±10% 

<2  ps 
<l  ps 
<3  ns 
>99% 

0.5  to  1  mrad 
<  10  /xrad 
84  MHz 


Final  output  energy  (per  pulse) 

Energy  output  fluctuation 

Pulse  Length 

Phase  Jitter 

Timing  Jitter 

Polarization 


Highest  Electric  Field  (shot  55) 


E 

> 


Time  (ns) 

Figure.  3.  Shot  Number  55 


is  an  increase  in  the  reflected  power  coincident  with  a  jump  in 
the  Faraday  cup  voltage.  This  pattern  suggests  a  momentary 
true  RF  breakdown.  However,  the  electric  field  still  builds  up  to 
210  MV Im  on-axis  corresponding  to  250  MV jm  on  the  cath¬ 
ode  surface.  This  field  gradient  is  the  highest  observed  in  the 
experiment  to  date. 


III.  Results 

A.  Accelerating  Gradients  and  Maximum  Surface  Field 

For  the  results  presented  in  this  section,  the  RF'  gun  was  pow¬ 
ered  by  the  klystron  but  the  laser  system  was  not  operational. 
Figure  3  is  the  record  of  a  typical  shot  showing  filling  of  the  RF 
gun  cavity  and  buildup  of  a  strong  electric  field.  The  horizon¬ 
tal  axis  is  time.  Two  of  the  traces  are  the  forward  and  reflected 
power  as  measured  by  the60dB  directional  couplers  just  before 
the  RF  gun.  The  third  trace,  that  of  the  electric  field,  is  calculated 
from  the  forward  and  reflected  power  using  the  energy  balance 
equation.  The  incident  power  is  7.5  MW.  After  the  electric  field 
builds  up,  the  Faraday  cup  signal  increases,  remains  nonzero  for 
tens  of  nanoseconds,  and  then  decays.  This  signal  can  be  inter- 


B.  Field  Emission  Level 

Figure  4  illustrates  the  history  of  the  conditioning  of  the  RF  gun 
cavity.  As  time  progressed,  the  maximum  sustainable  electric 
field  increased  and  stabilized.  Similarly,  the  amount  of  field 
emission  decreased  with  time. 

C.  RF  Breakdown  Observations 

Figure  5  shows  a  typical  shot  in  which  RF  breakdown  occurred. 
The  traces  are  as  described  in  the  previous  shot.  After  an  initial 
period  corresponding  to  the  filling  time  of  the  cavity,  one  observes 
that  the  cavity  became  mismatched  and  totally  reflecting.  This 
breakdown  is  correlated  with  a  large  spike  on  the  Faraday  cup,  a 
pressure  rise,  and  a  visible  flash  inside  the  RF  gun  cavity.  These 
four  events  are  clearly  signs  of  RF  breakdown.  This  type  of  shot 
occurred  frequently  when  the  incident  power  exceeded  7  to  8 


preted  as  partial  breakdown  or  field  emission.  In  addition,  there 
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Maximum  Surface  Field  (MV/m) 


Maximum  Surface  Field  History 


Shot  Number 

Figure,  4.  Max  Field  History 

Typical  Breakdown  Shot 


Time  (ns) 

Figure.  5.  Shot  Number  70 


MW.  However,  the  %  of  RF  breakdown  shots  decreased  from 
90  to  10  %  during  the  conditioning  process. 

D.  Preliminary  Beam  Energy  Measurements 

The  current  experimental  setup  of  the  Faraday  cup  yields  the 
total  charge  emitted  during  a  shot  and  the  coarse  time  profile  of 
the  current  emission.  In  order  to  gain  some  information  about 
the  kinetic  energy  of  the  emitted  electrons,  the  following  diag¬ 
nostic  was  used.  The  ability  of  electrons  to  pass  through  sheets 
of  various  metals  depends  on  the  type  of  metal,  the  thickness  of 
the  sheet,  and  the  energy  of  the  electrons.  Thus,  aluminum  and 
titanium  foils  of  varying  thicknesses  were  placed  between  the 
exit  of  the  RF  gun  and  the  Faraday  cup.  The  metal  sheets  act  as 
filters  allowing  only  electrons  with  an  energy  greater  than  some 
level  to  pass.  Then,  the  integrated  Faraday  cup  signal  becomes 
an  indication  of  the  number  of  electrons  to  exit  the  gun  with  en¬ 
ergy  greater  then  this  level.  The  thicknesses  and  materials  of  the 
metal  sheets  were  chosen  to  stop  99%  of  electrons  with  ener¬ 
gies  below  220, 650,  1450,  and  2250  KeV.  Faraday  cup  signals 
were  observed  when  the  1450  KeV  sheet  was  in  place.  This  re¬ 
sult  brackets  the  maximum  electron  kinetic  energy  between  1.45 
and  2.25  MeV .  Using  the  cavity  length  of  1.3125  cm,  the  en¬ 


ergy  gain  corresponds  to  an  average  electric  field  between  1 10 
MeV/m  and  171  MeV/m.  This  measurement  is  consistent  with 
the  150  MeV /m  average  field  gradient  deduced  from  the  RF 
power  balance  calculation  described  above.  Future  experiments 
will  employ  a  magnetic  spectrometer  for  more  precise  determi¬ 
nation  of  the  electron  energy  spectrum. 

IV.  Conclusion  and  Future  Work 

AM  GHz  photocathode  RF  gun  experiment  is  being  per¬ 
formed  at  MIT.  High  power  tests  have  been  conducted  at  5-10 
MW  power  levels  with  100  ns  pulses.  A  maximum  surface  elec¬ 
tric  field  of  250  MV jm  was  achieved.  This  peak  value  corre¬ 
sponds  to  an  average  on-axis  gradient  of  150  MeV /m.  The  gra¬ 
dient  was  verified  by  a  preliminary  electron  beam  energy  mea¬ 
surement.  Higher  gradients  are  expected  in  future  experiments 
utilizing  a  brazed  cavity.  To  date,  more  than  90,000  pulses  have 
been  accumulated  in  the  RF  conditioning  process. 

Future  plans  for  the  17  GHz  RF  gun  experiment  include  the 
use  of  a  brazed  cavity  design,  integration  of  the  laser  to  generate 
high  quality  electron  beams,  and  improved  beam  diagnostics. 
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In  this  paper  we  present  a  new  model  to  represent 
analytically  the  transverse  beam  dynamics  in  RF  photo- 
injectors.  It  consists  basically  of  an  enhanced  Kim's  model  [1], 
with  incorporation  of  RF  ponderomotive  focusing  effects, 
external  magnetic  focusing  and  a  perturbative  treatment  of 
space  charge  along  the  beam  envelope.  Applying  the  resulting 
formulas  it  is  possible  to  predict  with  high  accuracy  the 
transverse  beam  envelope  behaviour  in  a  multi-cell  RF  gun,  as 
well  as  the  operating  conditions  to  achieve  space  charge 
emittance  compensation  according  to  Carlsten's  scheme  [2]. 
The  agreement  with  sophisticated  numerical  simulations  is 
really  quite  satisfactory,  as  well  as  the  match  with 
experimental  measurements  of  the  predicted  operating  range  for 
emittance  compensation. 

1.  BEAM  ENVELOPE  IN  MULTI-CELL  RF  GUNS 


^  =  1  /  (2.45+1. 82A^*^^-0.55A^*^)  .  The  beam  energies  ji 
and  72  (in  rest  mass  units)  at  the  first  and  second  iris  are  given 
by  Yi  =  1  +  an/l  and  72  =  1  +  3a7c/2  (  75  =  1  +  a7c/4  ) . 

After  the  second  iris  the  beam  envelope  can  be  easily 
tracked,  as  far  as  the  space  charge  can  be  assumed  negligible 
beyond  this  point,  by  applying  the  RF  focusing  transport 
matrix  for  relativistic  beams  [4]  with  initial  conditions  02  and 
Oorb  given  by  eqs.l  (aj  gi^^^  secular  orbit  divergence  and 
will  be  used  later  as  initial  condition  for  the  envelope 
equation).  The  matrix  gives  at  any  position  the  beam  spot  a  of 
the  average  secular  orbit  and  the  beam  divergence  a*  of  the 
actual  orbit. 

The  agreement  between  analytically  predicted  envelopes  and 
numerical  simulation  results  are  shown  in  Fig.l  for  two 
10+1/2  cell  guns  at  typical  frequencies  and  peak  fields. 


The  basic  model  adopted  for  calculating  the  beam  envelope 
consists  actually  of  an  indefinitely  long  RF  gun,  supporting  a 
TMqio-ti:  standing  resonant  mode  (frequency  v)  with 
accelerating  field  Ez  =  Eocos(kz)sin((Ot+(po)  (Eo  is  the  peak 
field  at  the  cathode,  located  at  z=0,  k=co/c,  co=27CV).  The  field 
is  expanded  linearly  off-axis  to  find  the  transverse  E^  and  Bq) 
components  [1].  An  external  solenoid  is  assumed  to  be  folded 
around  the  first  2+1/2  cells  of  the  RF  gun  cavity,  producing  a 
constant  magnetic  field  B2  =  Bq  from  z=0  up  to  zc=(5/4)X, . 

Under  the  approximation  a  >  1/2  ,  where  a  =  eEo/(2mc^k) 
is  the  dimensionless  field  intensity,  it  has  been  extensively 
shown  elsewhere  [3]  that  the  beam  envelope  conditions  <32  and 
<32  at  the  second  iris  location  Z2=(3/4)?l  can  be  written,  for  a 
gaussian  charge  density  distribution  in  the  bunch,  as 


X, 

72 
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where  Gcat  is  the  laser  spot  size  at  the  cathode,  Ap^^  is  the 
RF  defocusing  kick 

^  2  yi )  ^2)  2  ^^<^(71^) 

71-1  8  [  2(72-1)  J’ 

Ab  is  the  magnetic  focusing  term  Ab  =  (l/2)[ksLog(72/7B)]^ 
(ks=cBo/Eo)  and  Asc  is  the  space  charge  defocusing  kick 
Asc  =  (l+M'SC)[l-Log(72)/(72-l)],  calculated  a  la  Kim  .  The 
space  charge  dependence  on  bunch  and  field  parameters  is 
specified  by  psc  =  Zq  I  C  /  (87’Eo  la  G^cat)  »  where  Zo=377 
ohm,  I  is  the  bunch  peak  current,  Ia=Alfven  current,  7’  =  ak 
is  the  dimensionless  energy  gain  per  unit  length  and  ^ 
specifies  the  dependence  on  the  bunch  aspect  ratio  A  =Gi-  /  Gz  , 
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Figure  1:  Beam  envelopes  through  two  different  10+1/2  cell 
RF  guns  (v=2.856  GHz  upper  diagram,  v=1.3  GHz  lower 
diagram).  Dashed  lines  give  the  secular  orbits  analytically 
predicted,  while  solid  lines  are  numerical  simulation  results. 

In  the  upper  diagram  the  bunch  aspect  ratio  is  A=1.25  with 
^cat=E5  mm,  corresponding  to  a  peak  current  1=100  A  at  1 
nC  and  400  A  at  4  nC  (z2=79  mm  ,  72=8.7  ,  a=1.64);  in  the 
lower  diagram  A=0.83  with  Gcaik^  problemsz2=174  mm  , 
72=8.6  ,  a=l,62).  The  simulations  were  performed  with  the 
codes  ATRAP  [5]  for  the  S-band  gun  and  ITACA  [6]  for  the  L- 
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band  one.  In  this  way  the  beam  envelope  can  be  predicted  just 
on  the  basis  of  six  main  free  parameters:  three  of  them 
characterize  the  external  fields,  namely  Eq,  v,  Bq,  while  the 
bunch  characteristics,  determining  the  collective  field,  are 
specified  by  Gcat^  A,  and  I. 

Eqs.l  are  derived  under  the  basic  assumption  of  self-similar 
expansion  of  the  charge  density  distribution,  which  stays 
gaussian  in  the  (r,z)  space  under  the  effect  of  all  the  external  as 
well  as  the  collective  forces  acting  on  the  bunch  particle.  The 
average  bunch  phase  <9>  is  assumed  to  be  <(p>=7c/2  , 
corresponding  to  maximum  acceleration  in  the  gun. 

In  case  the  magnetic  focusing  is  not  applied  (Bo=0,  as  for 
Fig.l),  the  beam  envelope  behaviour  is  such  that  the  space 
charge  effects  can  be  considered  negligible  after  the  second  iris. 
In  presence  of  an  external  magnetic  focusing  we  need  a 
different  treatment  of  the  beam  dynamics.  The  envelope 
equation  for  a  relativistic  beam  [7]  seems  the  best  approach: 


(f) 

^rj 


(///^) 

(T-7^  <7^7^ 


2) 


where  a'=  da/dz  ,  is  the  rms  normalized  emittance  and 
Kr  is  the  RF  focusing  gradient  [4]  =  (ks^+l/8)(yVy)^  , 

which  incorporates  the  contribution  (kg)  from  the  magnetic 
field.  This  equation  actually  holds  for  an  un-bunched  beam: 
since  the  bunch  aspect  ratio  in  its  rest  frame,  given  by  A/y, 
can  be  considered  small  enough  beyond  the  second  iris,  where 
typically  y>5,  we  assume  eq.2  can  be  taken  as  a  good 
approximation.  Moreover,  since  we  are  interested  in  studying 
the  conditions  which  give  rise  to  space  charge  emittance 
compensation,  the  hypothesis  of  beam  laminarity  will  be  set 
up,  implying  that  the  emittance  term  in  eq.2  is  negligible. 
This  is  equivalent  to  assume  that  the  beam  envelope  will  not 
go  through  any  crossover  from  the  cathode  up  to  the  gun  exit. 

Under  these  assumptions,  we  can  apply  a  Cauchy 
transformation  to  eq.2,  setting  y  =  Log(y/y2)  (recalling  that 
y=  1  +  ock*z  =  1  +  y’z  )  and  obtaining 


^  +  q2(7  =  3) 
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with  o  =  a(y)  and  S  =  21  /  (la  72)  .  We  solve  eq.3 
following  two  different  techniques,  according  to  two  different 
domains:  the  first  one  is  defined  by  Z2  <  z  <  Zg  (0<y<yc)  and 
it  is  characterized  by  the  focusing  from  the  magnetic  field,  so 
that  Q2  =  1/8  +  yije  2nd  one  is  defined  by  z>Zc 
(yc=Log((l+57ta/2)/y2),  Zc=5A,/4),  hence  =  1/8.  In  the 
first  domain  the  beam  size  c  is  varying  slightly  with  respect 
to  02,  allowing  to  assume  0=02  in  the  non  linear  term  on  the 
r.h.s.  of  eq.2.  The  general  solution  Oj  of  the  linearized 
equation  becomes 
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where  o  =  do/dy  and  02  =  72  /  y'  • 


Setting  Oc=oi  (y=yc)  and  Oc=cri  (y=yc).  we  can  solve 
perturbatively  eq.3  in  the  second  domain,  assuming  that  the 
non  linear  term  on  the  r.h.s.  may  be  represented  by  a  particular 
solution  of  the  form  4).  The  perturbative  solution  on  becomes 


O’!! 


Co. 


y-^c 

FT 


Se 


■yHyc-y)<^y 


Se  ■^<^(1  +  0*  I  a c) 


a  -• 

C 


o^'F 


Sim 


y-yc 


Ts 


5) 


where  ^  =  1/8  +  (l+Gc/^c)^-  Eq.5  produces  envelopes  as 
those  shown  in  Fig.2,  for  the  same  bunch  and  field  parameters 
of  Fig.l  (lower  diagram,  L-band  gun),  at  various  values  for 
Bq.  One  should  note  that  an  angular  kick  Aa'  =  +y72y  [4] 
must  be  added  to  the  secular  envelope  at  the  gun  exit  in  order 
to  transform  it  back  into  the  actual  envelope. 


Figure  2:  Beam  envelopes  through  a  10+1/2  cell  L-band  RF 
gun  (Eo=45  MV/m,  1=200  A,  Q=4  nC). 

11.  UNIVERSAL  SCALING 

Due  to  the  excellent  agreement  between  the  analytical 
treatment  and  the  numerical  data,  we  believe  that  is  possible  to 
extract  from  the  envelope  expressions,  eqs.4,5  and  1,  useful 
informations  on  beam  quality  and  RF  gun  performances.  First 
of  all,  let  us  normalize  the  envelope  eq.  3,  which,  in  Cauchy 

space  (a,y),  reads,  for  y>yc  ,  o  +  a/8  =  Se'y/a  ,  in  order  to 
reduce  all  the  parameters  to  dimensionless  quantities. 

By  defining  the  dimensionless  quantity  T  =  a  /  Vs  ,  the 
envelope  eq.  in  the  Cauchy  dimensionless  space  (T,y)  reads 


8  r 


which  is  a  universal  scaled  equation,  independent  on  any 
external  parameter.  It  is  interesting  to  note  that  the  function  X 

can  be  expressed  as  t  =  72^7  *  this  form  it  is 

clearly  shown  that  x  scales  Ihce  the  ratio  between  the  plasma 
wavelength  ?ip=27rc/Q)p  and  the  energy  gain  length  Lg  =  1/y . 
Moreover,  a  particular  exact  solution  of  equation  6)  can  be 

found  to  be  x*  =  V  8/3  e"y/2  :  this  solution  is  characterized  by 
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a  constant  ratio  between  the  two  fundamental  scale  lengths,  Lg 
and  Xp,  i.e.  XpfLg  =  V  8/3  .  The  corresponding  beam  size  a* 

comes  out  to  scale  like  l/Vy  ,  namely  a*  =  V  8872/(37)  , 
but,  more  relevant,  t*  is  the  only  solution  displaying  a 
constant  phase  space  angle  5,  which  is  independent  on  initial 
conditions  Oq  and  Cq  in  all  of  the  three  spaces  (Cauchy 

dimensionless,  Cauchy,  real) ,  In  fact,  8*  =  t*  /  x  =  a*  /  a  = 
70'*  /  (07’)  =  -1/2  ,  so  that  in  both  Cauchy  spaces  the  phase 
space  angle  is  a  universal  constant.  The  most  relevant 
consequence  is  that  5,  on  this  particular  envelope  a*,  which 
will  be  called  the  invariant  envelope,  does  not  depend  on  the 
beam  current  (whose  dependence  is  embedded  in  the 

expressions  for  Cq  and  Gq):  this  is  exactly  the  basic  condition 
to  get  a  vanishing  linear  correlated  emittance.  In  fact,  it  is  well 
known  that  the  emittance  growth  from  linear  space  charge 
effects  is  due  basically  to  the  spread  in  phase  space  distribution 
of  different  bunch  slices,  which  get  different  kicks  from  the 
space  charge  field:  these  may  be  thought  to  be  represented  by 
different  current  amplitudes  in  the  envelope  eq.2  . 
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Figure  3:  Solutions  of  eq.7  at  v=1.3  GHz,  A=l,  1=150  (upper 
diagram)  and  1=300  A  (lower  diagram),  represented  by  the 
solid-dotted  lines  in  3-D  sub-space  (Eq,  Bq,  Ocat)-  Since  the 
bunch  aspect  ratio  is  kept  constant,  the  displayed  bunch 

charges  are  given  by  Q=V^  I*<7cat  /  A. 


III.  RF  GUN  OPERATING  CONDITIONS  FOR 
EMITTANCE  COMPENSATION 

In  order  to  find  the  operating  points,  as  functions  of  the  six 
free  parameters,  we  must  solve  the  equation: 

[oc  -  V8SY2/(3yc)  ]2  +[ac  +  (1/2)V8S^7W  ]2  =  0  7) 

whose  solutions,  in  the  6-D  space  (v,  I,  A,  Eq,  Bq,  CTcat)* 

assure  that  Oq  and  <7^  match  the  initial  conditions  of  the 
invariant  envelope.  In  this  way  the  beam  is  transported  from 
the  cathode  up  to  the  gun  exit  with  no  space  charge 
correlation,  hence  the  emittance  compensation  is  achieved. 

In  order  to  simplify  the  search  for  the  solutions,  we  fix 
three  parameters,  namely  v,  I  and  the  aspect  ratio  A.  The  roots 
found  in  the  3-D  sub-space  (Eq,  Bq,  Ocat)  are  plotted  in  Fig.3 
for  a  L-band  gun  at  1=150  A  and  1=300  A.  The  projections  on 
the  plane  (Bq,  (Teat)  are  also  plotted  in  the  figure  (solid  lines), 
while  the  shaded  surfaces  set  the  limit  of  maximum  charge 
extractable  from  the  cathode  (only  points  on  the  right  of  the 
surface  are  allowed). 

Selecting  one  possible  solution  from  Fig.3,  namely  v=1.3 
GHz,  A=l,  1=150  A,  Eo=35  MV/m,  Bo=1.02  kG  and 
acat=0«84  mm  (so  that  Q=1  nC),  we  plot  the  corresponding 
envelope  in  Fig.4,  for  the  nominal  150  A  current  and  for  lower 
and  higher  currents,  110,130,170,190  A,  respectively:  it  is 
worthwhile  to  note  that  envelopes  corresponding  to  currents 
different  from  the  nominal  one  spread  out  in  the  first  cells  (see 
enclosed  box),  where  the  focusing  action  of  the  solenoid  is 
dominant,  but  converge  down  into  a  common  invariant 
envelope  along  the  second  domain  (  Zc>330  mm)  of  eq.6. 


z  (mm) 

Figure  4:  Envelopes  corresponding  to  one  of  the  solutions 
shown  in  Fig.3,  for  various  currents  around  the  nominal  one. 
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EMISSION,  PLASMA  FORMATION,  AND  BRIGHTNESS  OF  A 
PZT  FERROELECTRIC  CATHODE* 

S.  Sampayan,  G.  Caporaso,  D.  Trimble,  and  G.  Westenskow, 
Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94551  USA 


We  have  measured  a  current  emission  density  of 
36  A-cm"^  over  an  11.4-cm^-area  Lead-Titanate-Zirconate 
(PZT)  ferroelectric  cathode  with  a  pulsed  anode -cathode 
(A-K)  potential  of  50  kV.  We  have  also  observed  currents 
above  those  predicted  by  classical  Child-Langmuir  formula 
for  a  wide  variety  of  cases.  Since  a  plasma  within  the  A-K 
gap  could  also  lead  to  increase  current  emission  we  are 
attempting  to  measure  the  properties  of  the  plasma  near  the 
cathode  surface  at  emission  time.  In  other  measurements, 
we  have  observed  strong  gap  currents  in  the  absence  of  an 
A-K  potential.  Further,  we  continue  to  make  brightness 
measurements  of  the  emitted  beam  and  observe  spatially 
non-uniform  emission  and  large  shot-to-shot  variation. 
Measurements  show  individual  beamlets  with  a  brightness 
as  high  10^^  A  m'^  rad"^. 

I.  INTRODUCTION 

Pulsed  ferroelectric  electron  emission  was  observed  as 
early  as  1964  [1].  New  materials  have  shown  extremely 
high  peak  current  densities  (>100  A-cm"^)  and  high 
brightness  (10^^  A-m‘^-rad‘^)  [2,3].  Further,  these  emitters 
can  be  operated  at  non-UHV  pressures,  do  not  require 
elevated  operating  temperatures  or  a  pulsed  laser  system, 
making  them  a  potentially  very  attractive  alternative  to 
conventional  cathode  technology. 

Pulsed  electron  emission  from  a  ferroelectric  results 
during  a  rapidly  switched  internal  polarization  change.  The 
exact  emission  mechanism  has  not  yet  been  unambiguously 
identified  but  is  believed  to  result  from  the  expulsion  of 
charge  stimulated  by  the  large,  uncompensated,  bound 
charge  generated  during  the  induced  polarization  change 
[2,4,5]. 

Ferroelectric  emission  has  many  unique  properties 
which  we  have  previously  reviewed  [5].  They  are  as 
follows:  (1)  emission  is  energetic  and  has  been  measured  to 
be  from  0.5-100  KeV  depending  on  switching  method  and 
material  type,  (2)  emitted  current  densities  are  above  those 
determined  by  the  Child-Langmuir  formula,  (3)  strong 

*  The  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  contract  W-7405-ENG-48. 


emission  can  occur  from  a  switched  material  without  an 
applied  A-K  potential,  (4)  the  quality  of  the  emitted  beam 
can  be  high:  comparable  to  photoemitters,  and  (5)  emission 
can  take  place  over  a  wide  pressure  range  from  below  10"^ 
to  above  10'^  T. 

II.  APPARATUS 

We  have  reported  on  our  apparatus  in  a  previous 
paper  [6].  Briefly,  the  apparatus  consists  of  an  A-K  diode 
gap,  an  anode  mask  and  fast  phosphor  for  brightness 
measurements.  The  brightness  diagnostic  was  replaceable 
with  a  screen  mesh  and  view  port  for  recording  gated 
images  of  the  cathode.  The  entire  vacuum  system  and 
housing  was  fabricated  from  stainless  steel;  ceramics  were 
used  as  insulators.  Turbo-molecular  pumps  were  used 
throughout.  Base  pressures  in  the  10“^  T  range  were  easily 
achieved  and  maintained. 

Additional  diagnostics  included  a  nude  ion  gauge  and 
biased  Faraday  Cup.  The  nude  ion  gauge,  for  detection  of 
neutral  bursts,  was  electrically  shielded  from  the  main  A-K 
gap  and  placed  normal  to  the  axis  of  the  test  stand.  The 
Faraday  cup,  for  detecting  ion  or  electron  current  and 
inferring  plasma  density,  was  also  placed  normal  to  the 
diode  axis  and  eventually  circumferentially  around  the 
entire  A-K  gap. 

Pre-poled  and  lapped  PZT  ferroelectric  disks  were 
placed  behind  and  in  contact  with  a  conductive  grid 
connected  to  the  cathode.  This  conductive  grid  was  either 
a  square  mesh  composed  of  25  |im  diameter  tungsten  wires 
spaced  approximately  750  jam  on  centers  or  an  evaporated 
gold  grid  consisting  of  either  90  fxm  wide  conductors, 
300  ixm  on  centers,  or  50  |im  conductors  760  [im  on 
centers.  A  rear  planar  electrode  received  a  pulsed  high 
voltage  which  defined  the  switching  electric  field. 

Sample  orientation  was  such  that  the  bound  positive 
charge  (negative  screening  charge)  was  positioned  toward 
the  A-K  gap.  Sample  dimensions  were  typically  1  mm 
thick  and  with  a  5.1  cm  diameter.  All  but  the  3.8  cm 
diameter  central  area  of  the  sample  was  apertured.  The 
grid-emitter  assembly  was  recessed  into  the  cathode  shroud 
approximately  0.23  cm;  the  distance  from  the  emitter 
surface  to  the  anode  was  varied  from  approximately  0.6  to 
2  cm. 
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Brightness  measurements  were  performed  with  an 
anode  mask  consisting  of  nine  50  |Lim  holes;  5  equally 
spaced  vertically  and  the  remaining  spaced  equally 
horizontally.  A  fast  phosphor,  ZnO(Ga),  was  used  to  image 
the  pattern  after  a  24.5  cm  drift  distance.  Charging  was 
eliminated  with  a  conductive  film  placed  over  the  phosphor 
substrate.  An  image-intensified,  gated  camera  allowed 
observation  of  the  phosphor  image.  Gate  width  used  was 
typically  40  ns. 

To  observe  the  luminosity  on  the  surface  of  the 
ferroelectric  cathode,  the  anode  mask  was  replaced  with  a 
screen  mesh  and  the  phosphor  coated  window  was  replaced 
with  a  transparent  viewport.  Fast  gated,  on  axis  images  of 
the  cathode  surface  could  then  be  captured  during  the 
induced  polarization  change  and  subsequent  emission. 

11.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 


We  observed  stronger  emission  from  cathodes 
prepared  with  a  fine  wire  grid  placed  in  close  contact  with 
the  surface  than  with  thin  evaporated  conductors.  Emission 
from  the  ferroelectric  was  generally  achieved  with  a 
negative  1  to  1.5  kV  switching  pulse.  A-K  potential  was 
varied  from  zero  to  approximately  60  kV.  Typical  voltage 
and  current  waveforms  are  shown  in  Fig.  1.  Peak  currents 
of  approximately  36  A-cm“^  over  the  1 1.4  cm^  surface  area 
were  achieved  during  these  measurements. 
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Figure  1.  Typical  current  and  A-K  voltage  pulse  . 


As  was  generally  observed  at  lower  A-K  potentials,  the 
measured  current  density,  J,  was  unipolar,  consistent  with 
electron  flow,  and  above  the  Child-Langmuir  limit,  JcLy 
electrons  with  zero  initial  kinetic  energy  (Fig.  2).  In  this 
data,  the  A-K  potential  was  varied  from  5  kV  to  50  kV, 
peak;  the  emitted  current  varied  from  9.5  A  to  41 1  A,  peak. 
The  data  indicated  that  the  emitted  current  exceeded  Jcl  at 
lower  A-K  potentials.  The  largest  ratio  of  J/JcL  occurred 
at  low  potentials,  on  average,  with  much  decreased  ratios  at 


increased  potentials.  As  we  previously  described,  the 
increased  currents  at  low  A-K  potentials  is  believed  to 
result  from  the  electrons  being  emitted  from  the  surface 
with  significant  kinetic  energy  [6]. 


With  our  present  switching  mode,  e.g.,  maintaining  the 
electric  field  on  the  ferroelectric  until  emission  occurs,  we 
have  also  observed  on  some  samples  strong  emission  (of 
order  0.4  A-cm'^  and  greater)  in  the  absence  of  an  applied 
A-K  potential  (Fig.  3).  Under  the  assumption  that  this 
electron  emission  is  distributed  uniformly  over  the  cathode 
surface,  a  kinetic  energy  of  over  3  KeV  was  implied  from 
this  data. 

During  application  of  the  switching  pulse  we 
characteristically  observed  visible  light  from  the  emitter 
surface.  With  a  gated  camera,  we  correlated  this 
luminosity  to  the  application  of  the  high  voltage  pulse  used 
to  induce  a  polarization  change.  In  this  measurement, 
strong  luminosity  is  present  on  the  emitter  surface  from  the 
initiation  of  the  switching  current  pulse  until  cessation; 
strong  correlation  to  the  emitted  current  pulse,  however, 
was  not  observed.  By  contrast,  we  generally  observed 
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Figure  3.  Emission  without  an  applied  A-K  potential. 
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strong  luminosity  from  samples  that  had  been  strongly 
poled.  Strong  electron  emission,  however,  did  not  always 
accompany  this  luminosity  with  or  without  an  applied  A-K 
pulse. 

In  these  experiments,  we  have  also  sought  to  detenmne 
the  existence  of  an  expanding  cathode  plasma.  From  the 
data  presented  in  Fig.  2,  the  existence  of  this  plasma  should 
manifest  itself  as  a  change  in  the  gap  perveance.  From  the 
Child-Langmuir  equation,  the  slope  of  a  plot  of  the  square- 
root  of  the  inverse  of  the  diode  perveance  (or  the  equivalent 
diode  gap)  as  a  function  of  time  would  be  directly 
proportional  to  the  plasma  velocity  [7].  In  this  data  (Fig.  4), 
we  observe  no  such  slope  indicating  the  existence  of  a 
stagnated  plasma  [8]  or  a  plasma  so  tenuous  that  the 
emission  in  the  diode  gap  was  not  affected. 


In  an  additional  attempt  to  determine  the  existence  of  a 
cathode  plasma  during  emission  without  an  A-K  potential, 
a  biased  Faraday  Cup  collector  transverse  to  the  emitter 
axis  was  implemented.  With  a  detection  threshold  of 
0.25mA-cm"^,  no  ion  current  was  observed.  Further, 
significant  neutral  bursts,  as  could  be  detected  by  the 
ion -gauge,  were  also  not  observed.  From  the  observed 
emission  current  of  0.4  A-cm’^  and  the  necessary  cathode 
plasma  density  for  such  emission  to  take  place,  this 
detection  threshold  should  have  been  more  than  adequate  to 
detect  the  existence  of  ions  from  such  a  plasma. 

Brightness  measurements  were  accomplished  with  the 
multi-aperture  mask  previously  described.  In  general,  we 
observed  distortion  of  the  mask  pattern  on  the  phosphor 
and  variation  shot-to-shot. 

In  our  particular  geometry,  the  phosphor  subtends  an 
area  of  about  1  mm^  on  the  cathode  surface.  On  a  given 
shot,  we  sometimes  observed  faint  multiple  images  of  a 
single  anode  mask  hole  projected  onto  the  phosphor.  This 
observation  strongly  suggested  that  non-uniform,  multiple 
emission  sites,  within  areas  of  order  1  mm^,  exist  on  the 
cathode  surface  and  appear  to  be  consistent  with  other 
ferroelectric  emission  processes  described  [9].  From  typical 


data,  we  observed  a  divergence  of  6.4  mrad  at  a  current 
density  of  18  A-cm'^  and  energy  of  33  KeV.  From  this  data 
we  set  a  lower  bound  on  the  brightness  of  the  individual 
beamlets  as  10^^  A  m'^  rad"^. 


IV.  SUMMARY 

We  observed  emitted  current  densities  greater  than 
those  that  would  be  predicted  by  the  Child-Langmuir 
formula  which  assumes  that  electrons  are  emitted  with  zero 
initial  energy..  The  existence  of  an  interelectrode  plasma, 
perhaps  responsible  for  this  result,  was  not  evident  in  our 
measurements  to  date.  Emission  in  the  absence  of  an 
applied  A-K  potential  was  also  observed.  Observed 
surface  luminosity  did  not  correlate  to  electron  emission 
nor  did  the  luminosity  always  indicate  the  presence  of 
emission.  Measurement  of  the  expansion  of  the  individual 
beamlets  yield  a  brightness  of  order  10  A-m'^  rad'^.  We 

continue  to  optimize  the  grid  structure  of  the  emitter  and 
will  attempt  to  stabilize  the  emission  processes  with  reset 
and  fine  grain  structure  ferroelectric  materials. 
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DESIGN  AND  TESTING  OF  THE  2  MV  HEAVY  ION  INJECTOR 
FOR  THE  FUSION  ENERGY  RESEARCH  PROGRAM 


W.  Abraham,  R.  Benjegerdes,  L.  Reginato,  J.  Stoker,  R.  Hippie,  C.  Peters,  J.  Pruyn, 
D.  Vanecek,  S.  Yu ,  Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720 


ABSTRACT 

The  Fusion  Energy  Research  Group  at  the 
Lawrence  Berkeley  Laboratory  has  constructed  and  tested 
a  pulsed  2  MV  injector  that  produces  a  driver  size  beam 
of  potassium  ions.  This  paper  will  describe  the 
engineering  aspects  of  this  development  which  were 
generated  in  a  closely  coupled  effort  with  the  physics 
staff.  The  details  of  the  ion  source  and  beam  transport 
physics  are  covered  in  another  paper  at  this  conference. 
This  paper  will  discuss  the  design  details  of  the  pulse 
generator,  the  ion  source,  the  extractor,  the  diode  column, 
and  the  electrostatic  quadrupole  column.  Included  will  be 
the  test  results  and  operating  experience  of  the  complete 
injector. 

INTRODUCTION 

The  new  2  MV,  800  mA  K'*'  injector  for  heavy 
ion  fusion  has  been  operational  since  January  1994.  The 
injector  utilizes  electrostatic  quadrupoles  (ESQ)  to 
simultaneously  focus  and  accelerate  the  ion  beam. 
Experiments  in  ion  sources  and  beam  emittance  have 
been  carried  out  during  the  past  year.  This  paper  will 
describe  the  engineering  design  and  tests  of  the  2  MV 
Marx  generator,  the  beam  extraction  and  the  acceleration 
ESQ  column.  The  overall  cross-section  of  the  injector  is 
shown  on  Fig  2.  The  pressure  vessel  is  25’  long  and  has 
an  inside  diameter  of  64”.  The  left  side'  houses  the  38 
stage  Marx  generator  and  is  connected  to  the  diode  and 
ESQ  column  by  the  high  voltage  dome  which  houses  the 
ion  source. 

ION  SOURCE  ELECTRONICS 

The  high  voltage  dome  houses  the  hydraulically 
driven  400  Hz,  10  kVA  alternator  which  powers  all  the 
source  electronics  including  the  telemetry  system.  Fig.  1 
is  a  simplified  block  diagram  of  the  source  electronics. 
The  source  is  an  indirectly  heated  alumino-silicate  coated 
on  porous  tungsten  requiring  2500  watts.  The  source  is 
biased  at  -80  kV  and  the  extractor  electrode  is  at  dome 
potential  inhibiting  ion  emission  from  the  hot  surface.  Ion 
extraction  is  obtained  by  pulsing  the  source  from  a  -80  kV 
to  +80  kV  with  the  step-up  transformer  driven  by  a 
tunable  pulse  forming  network  (PFN).  The  extractor 
waveform  can  be  adjusted  temporally  in  amplitude  by  ± 
5%  simply  by  changing  the  coupled  inductance  of  the 
PFN.  The  source  filament  transformer  not  only  supplies 
the  heater  power,  but  is  also  a  high  voltage  isolation 
transformer  allowing  the  source  to  be  biased  at  -80  kV. 

Trigger,  timing,  and  diagnostics  information  is 
transmitted  to  and  from  the  high  voltage  dome  by  fiber 
optics  links. 


Fig.  1 


THE  MARX  GENERATOR 

In  order  to  maintain  a  low  spread  in  particle 
energy,  an  acceleration  voltage  variation  or  flat-top  of 
less  than  1%  is  required.  The  ion  transit  time  through  the 
length  of  the  acceleration  column  is  about  2  |lls,  hence 
the  flat-top  in  voltage  requirement  for  4  jis  was  chosen  to 
insure  good  overlap.  Many  of  the  standard  pulse  forming 
networks  were  considered  to  produce  a  4  |is  pulse  with 
less  than  1%  variation  in  amplitude.  They  were  modeled 
on  the  computer  and  all  contained  a  large  number  of 
elements  (L’s  and  C’s).  Since  this  injector  was  an 
upgrade  of  an  existing  one,  space  for  the  Marx  Stages 
was  limited  by  the  old  geometry.  The  networks  which 
synthesized  the  desired  pulse  were  difficult  to  fit  on  the 
existing  space.  In  the  circuit  simplification  process  it  was 
discovered  that  a  simple  two-harmonics  network  could 
produce  a  flat-top  of  better  than  0.5%  when  properly 
matched  into  the  stray  capacitance  of  the  dome  and  the 
resistive  column  voltage  divider.  A  multistage  low  level 
Marx  generator  was  constructed  using  this  network  and  it 
was  found  to  agree  closely  with  the  computer  modeling 
efforts.  This  network  was  very  simple  and  fit  very  nicely 
in  the  existing  space.  Fig.  3(a)  shows  the  schematic  of 
the  network.  Fig.  3(b)  is  the  actual  physical  layout  of  one 
stage.  Fig.  3(c)  is  the  2.2  MV  output  pulse.  The  output 
pulse  is  generated  by  38  identical  stages;  the  first  four 
stages  from  ground  are  triggered  and  the  remainder  are 
self-triggered  by  the  previous  overvoltage.  The  10-90% 
risetime  is  less  than  1  |xs  and  the  flat-top  is  4  |Lts.  The 
output  voltage  can  actually  be  made  to  have  a  slight 
increasing  ramp  by  underloading  or  a  decreasing  ramp  by 
overloading  with  the  liquid  resistor  which  is  externally 
adjustable. 


*  This  work  was  supported  by  the  Director,  Office  of 
Energy  Research,  Office  of  Fusion  Energy,  U.S.  Dept,  of 
Energy,  under  Contract  No.  DE-AC03-76SF00098. 


MECHANICAL  SYSTEMS 

The  2  MV  Injector  column  is  2.4  meters  long  and 
contains  a  diode  section  and  four  ESQ  sections.  The 
overall  arrangement  is  shown  in  figure  4.  Each  of  these 
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sections  consist  of  a  series  of  ceramic  rings,  71  cm.  outside  diameter,  brazed  together  with  thin  niobium 


Fig.  2  Overall  cross-section  of  the  2  MV  Injector 
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(b)  (c) 

(b)  Layout  of  charging  tray  (c)  Output  waveform  of  Marx  generator 


(a) 

Fig.  3  (a)  Schematic  of  charging  tray  (one  of  38). 

flanges  between  each  ring.  The  ESQ  electrodes  are 
mounted  on  plates  captured  between  the  ends  of  the 
brazed  ceramic  sections.  Stainless  steel  x-ray  shields  are 
attached  to  the  inside  edge  of  each  niobium  ring.  These 
also  hide  the  triple  points  formed  at  the  niobium  to 
ceramic  joints.  A  water  resistor  is  electrically  attached  to 
the  outside  edge  of  each  niobium  ring.  Semi-rigid 
polyethylene  tubing  is  used  in  a  helical  configuration. 

Each  surface  of  the  ceramic  rings  was  ground 
very  flat  and  lapped  to  remove  microcracks.  The  brazing 
process  required  heating  slowly  to  843*"  C,  soaking,  and 
then  cooling  at  a  precise  rate.  Carbon  fixtures  were  used 
to  hold  and  align  each  stack  during  the  braze  cycle.  Each 
braze  cycle  took  about  24  hours.  After  brazing  each  stack 
was  cleaned  and  excess  braze  material  was  removed  by 
etching  and  grinding. 

Larger  diameter  niobium  flanges  were  used  at  the 
ends  of  each  brazed  section  to  provide  a  means  of  bolting 
the  sections  together.  This  detail  is  shown  in  figure  5. 
The  strength  of  these  joints  was  a  major  concern.  After 
careful  analysis,  consultation  with  the  ceramic 
manufacturer,  and  review  of  available  test  data,  17,000 
cm-Kg  was  selected  as  a  design  limit  for  the  bending 


moment  at  the  joints  between  sections.  As  a  result, 
careful  procedures  had  to  be  developed  in  order  not  to 
exceed  this  limit  during  any  phase  of  assembly  and 
installation. 

The  installed  column  weights  2800  Kg.  and  is 
supported  by  2  fiberglass  tension  struts  on  each  side 
attached  to  a  heavy  collar  between  the  diode  and  the  first 
ESQ.  This  arrangement  is  shown  in  figure  4.  This 
arrangement  provides  the  required  vertical  support  force 
of  2300  Kg.  necessary  at  the  1.8  meter  point  on  the 
column.  Also,  the  rods  load  the  column  in  9200  Kg. 
compression  since  they  are  oriented  primarily 
horizontally.  This  load  turns  out  to  be  very  useful  as  it 
keeps  the  tensile  stress  at  the  end  flanges  of  the  brazed 
sections  below  the  level  equivalent  to  the  17,000  cm-Kg. 
design  limit.  In  other  words,  if  the  column  was  simply 
supported  by  a  vertical  support  at  the  1.8  meter  point, 
without  the  compressive  force  created  by  the  struts,  the 
brazed  joints  would  crack  and  come  apart. 

It  was  necessary  to  split  the  collar  vertically  in 
order  to  enable  assembly.  Collar  geometry  was  designed 
in  such  a  way  that  under  load,  the  collar  deforms  into  the 


903 


flat  condition.  This  keeps  the  deformation  of  the  first  ESQ  plate  axisymmetric  which  keeps  electrode 


Figure  4.  2  MV  Injector  column  showing  fiberglas  support  struts.  Colunrn  length  is  2.4  meters,  and  insulator  diameter 

is  71  cm. 


Fig.  5  2  MV  Injector  column  detail.  Thin  niobium  flanges  at  ends  of  brazed  ceramic  section  attach  to  ESQ  plate. 


misalignment  minimal  and  prevents  damage  to  the 
ceramic  end  surfaces. 

The  ESQ  electrodes  are  mounted  on  plates 
captured  between  the  ends  of  the  brazed  ceramic 
sections.  The  outside  diameter  of  these  plates  were 
supported  by  precise  fixtures  on  a  granite  table  to  align 
all  the  electrodes  in  the  column  during  assembly. 
Measurement  of  the  electrode  positions  after  assembly 
showed  the  RMS  position  error  for  the  electrodes  to  be  0.3 
mm. 


CONCLUSION 

The  2  MV  injector  has  been  operational  for  over 
one  year.  Initial  operation  was  limited  to  below  1.5  MV 
due  to  capacitors  which  did  not  meet  full  specifications. 
Those  capacitors  were  all  replaced  with  new  ones  which 
meet  specifications  at  no  cost  to  LBL.  The  diode  and  the 
electric  quadrupole  column  have  operated  very  reliably 
with  little  conditioning  required  for  operation  at  2  MV. 

Experiments  in  ion  sources,  beam  transport, 
beam  matching  and  emittance  will  continue  over  the  next 
year. 
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K+  DIODE  FOR  THE  LLNL  HEAVY  ION  RECIRCULATOR 
ACCELERATOR  EXPERIMENT* 

S.  Eylon,  Titan  Beta,  6780  Sierra  Court,  Dublin,  CA  94568 
E.  Henestroza,  LBL  and  F.  Deadrick,  LLNL 


ABSTRACT 

An  80keV  K+  diode  source  that  will  deliver  up  to  9mA 
of  beam  current  has  been  developed  for  the  LLNL  Small 
Recirculator  experiment  [1].  The  diode  consists  of  a  hot 
plate  alumino-silicate  (Zeolite)  source,  a  graphite  Pierce 
electrode,  and  an  exit  extraction  electrode.  The  K+  source 
emitting  surface  is  planar,  and  one  inch  in  diameter.  A  fine 
(70  line/inch)  high  transparency  (90%)  mesh  is  placed  in 
the  exit  beam  extraction  electrode.  The  exit  mesh  reduces 
the  sensitivity  of  the  diode  optics  to  possible  variations  in 
the  diode  gap  and  exit  aperture  shape,  without  a  growth  in 
the  beam  emittance.  Numerical  EGUN  simulations  were 
used  for  the  diode  physics  design.  The  simulations  showed 
that  the  diode  can  deliver  a  uniform  9mA  K+  beam  with  a 
normalized  emittance  of  about  0.05  mm-mr,  resulting 
mainly  from  the  source  temperature  at  1000°C.  The  beam 
at  the  diode  exit  is  aperture  to  a  diameter  of  1 1mm  to  meet 
the  recirculator  experiment  requirements  of  a  2mA  beam 
with  0.01  mm-mr  normalized  emittance.  The  80kV  source 
acceleration  potential  is  provided  by  a  thyratron  switched, 
A\iS  long  8-section  PFN  which  drives  a  1:10  step-up  pulse 
transformer.  We  shall  report  on  the  source  performance 
including  measurements  of  the  beam  total  current,  current 
density  profile,  phase  space  profile,  angular  divergence, 
and  transverse  emittance. 


Pierce  shaped  graphite  plate  anode  connected  to  a  80kV 
pulser.  The  beam,  focused  along  the  diode  passes  through 
a  fine  mesh  into  the  injector  electrostatic  quadrupole  (ESQ) 
matching  section. 

\^cuum  Tank 


Fig.  1.  Block  diagram  of  K+  ion  injector  system. 

Beam  parameters  needed  for  characterizing  and 
matching  the  injector  can  be  monitored  at  the  source  and 
the  injector  exits.  Time  resolved  total  beam  current  is 
measured  using  Faraday  cups  [2],  beam  envelope,  phase 
space  (transverse  rms  emittance)  and  current  density 
profiles  can  be  measured  using  slit-slit  cup  scanners  [2]  and 
beam  longitudinal  energy  using  an  electrostatic  coaxial 
bend  energy  analyzer  [2]. 


1.  THE  INJECTOR  SYSTEM 

A.  Introduction  and  Requirements 

A  small-scale  recirculator  experiment  is  being  built  at 
the  Lawrence  Livermore  National  Laboratory  to  study  the 
feasibility  of  recirculating  induction  accelerators  for  future 
heavy  ion  fusion  applications.  The  injector  system  for  this 
scale  model  experiment  is  required  to  deliver  a  K"^  ion 
beam  with  a  normalized  emittance  of  less  than  0.1  mm-mr 
at  an  energy  of  80  KeV.  The  injector  is  to  provide  a  4|is 
wide  beam  pulse  at  a  current  of  2mA,  operating  at  a  pulse 
repetition  rate  of  10  Hz. 

B,  Injector  Design 

The  injector  system  shown  in  Fig  1  consists  of  an  hot 
plate  contact  ionization  source  which  emits  a  K"*"  ion  beam 
into  a  diode  configuration.  The  source  is  mounted  on  a 


C.  Source  Design 

The  source  uses  a  standard  1"  diameter  flat  Spectra- 
Mat  source  cup.  The  cup  has  a  porous  tungsten  surface 
which  is  coated  with  a  layer  of  alumio  silicate.  To  emit 
ions  (above  emission  limit)  the  source  coated  surface  is 
heated  to  about  980*^0.  The  source  heater  power  (about 
150W)  is  delivered  through  a  high  voltage  isolation 


transformer  to  allow  connection  of  the  source  emitting 
surface  to  an  80kV  pulse  anode  voltage.  The  source 
intrinsic  normalized  emittance  Eq  of  0.02  mm-mr  (due  to 
source  surface  temperature)  is  given  by 


e 


n 


f 

=  2a 

V 


m-c 


xl/2 


were  mi=40  is  the  ion  mass,  a=6mm  is  the  beam  radius, 
c=3e8m/s,  and  Tf=1273  °K  is  the  source  surface 
temperature.  The  diode  geometry  was  designed  using 
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EGUN  code  calculations  [3].  Fig  2  shows  the  resulted 
diode  geometry  and  the  ion  beam  trajectories  in  the  diode. 


K+  SOURCE  FOR  THE  LLNL  HECIRCULATOfi  EXPERIMENT ;  E.  H.C1.2F.W 


Fig.  2  EGUN  evaluation  of  source  ion  trajectories. 

The  diode  current  is  limited  to  2mA  using  a  1cm 
diameter  aperture  in  the  diode  exit  plate  (ground  potential). 
To  improve  the  diode  beam  optics  a  fine  mesh  is  placed  on 
the  diode  exit  aperture.  The  mesh  parameters  (70  line/inch, 
transparency  of  90%)  were  determined  in  early 
experiments  [4]  showing  no  degradation  in  the  beam 
emittance  when  passing  through  the  mesh. 

D.  Source  Falser 

The  source  is  pulsed  on  with  a  +80  kV  -  4|is  electrical 
pulse.  The  4|as  pulse  is  generated  from  a  triggered  pulse 
forming  network  (PFN)  connected  to  a  1:8.8  high  voltage 
step-up  transformer.  Fig.  3  shows  the  pulser  circuit,  and 
Fig  4  shows  the  pulse  waveform.  The  pulser  is  capable  of 
continuous  operation  at  a  repetition  rate  of  10  Hz. 


2000 


Fig.  3  Schematic  diagram  of  injector  pulser  PFN. 

Approximately  150  watts  of  filament  power  is  required 
to  heat  the  ion  source  to  operating  Since  the  ion  source  is 
pulsed  to  +80kV,  the  filament  circuit  must  be  electrically 
isolated  from  ground  potential,  and  a  200kV  isolation 


transformer  is  used  for  this  purpose.  Both  the  isolation 
transformer  and  the  1:8.8  step-up  transformer  are  located  in 
a  tank  containing  Dyala  oil  for  electrical  insulation. 


Fig  4.  Ion  source  pulser  waveform  and  measured  beam 
energy. 


II.  INJECTOR  SOURCE  AND  BEAM 
CHARACTERIZATION  RESULTS 

The  source  surface  temperature  was  measured  using  a 
hot  wire  pyrometer.  Fig  5  presents  the  source  temperature 
Tf  dependence  on  heater  power  Wh,  showing  that  a  Ph  of 
200 W  is  needed  to  obtain  a  working  Tf  of  970°C. 


Fig.  5.  Source  temperature  vs  input  power. 

Beam  parameters  were  measured  at  the  diode  exit  and 
injector  matching  section  exit  were  measured  and 
compared  with  the  physics  design  calculation.  Fig.  6  shows 
the  beam  total  current  wave  form  measured  using  a 
Faraday  cup  at  the  injector  exit.  One  can  see  a  fast  rise 
about  0.1  Its  in  the  measured  current  wave  form  compared 
with  lp.s  in  the  diode  pulser  voltage  wave  form.  The  slow 
rise  in  the  diode  voltage  generates  slow  ions  in  the  beam 
head  leading  to  a  time  compressed  rise  in  the  beam  current. 
This  observation  is  consistent  with  beam  transient 
simulations  along  the  injector  using  the  HINJ  [5]  code. 
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Improving  (shortening)  the  diode  pulser  rise  time  will 
improve  the  shape  of  the  beam  head. 


Fig  6.  Ion  beam  current  measured  at  the  diode  exit  and  at 
the  end  of  the  beam  matching  section. 


Fig.  4  also  shows  the  measured  beam  longitudinal 
mean  energy  wave  form,  using  an  electrostatic  90  deg. 
bend  at  the  matching  section  out  put.  The  measured  beam 
energy  was  found  to  be  consistent  with  the  measured  diode 
pulser  wave  form  Fig  4.  The  beam  transverse  dynamics  i.e. 
the  beam  transverse  phase  space  density  profile  in  x,x’ 
(horizontal  direction)  and  y,y’  (vertical  direction)  were 
measured  using  the  slit  slit-cup  beam  scanners.  Beam 
phase  space  measurements  at  the  source  exit,  Fig  7, 
showed  a  beam  radius  (circular  symmetry)  of  6mm 
consistent  with  the  diode  exit  aperture  diameter  of  12mm 
and  a  divergence  of  3mr.  This  measurement  together  with 
Faraday  cup  beam  current  measurements  at  the  diode  exit 
were  found  to  be  in  agreement  with  the  diode  design 
EGUN  simulations.  The  measured  80kV  beam  un 
normalized  rms  transverse  emittance  was  4  mm-mr  leading 
to  a  normalized  emittance  of  0.03  mm-mr,  consistent  with 
the  above  calculated  beam  normalized  emittance  of  0.02 
mm-mr  (beam  radius  of  6mm)  due  to  the  source  surface 
temperature. 

These  measurement  results  (at  the  diode  exit)  were 
used  as  the  beam  input  parameters  to  the  MATCH  code 
beam  matching  calculation.  Following  the  MATCH  code 
calculations,  the  quadrupoles  voltages  were  set  for 
matching  conditions.  The  matched  beam  phase  space 
profile  in  the  vertical  direction  at  the  matching  section  exit 
was  measured.  The  measurement  was  repeated  with  the 
quadrupoles  voltage  polarities  switched  to  allow  the 
measurement  of  the  beam  phase  space  in  the  horizontal 
direction.  The  measured  beam  parameters  were  consistent 
with  the  MATCH  code  calculation.  The  MATCH  code 
being  a  2D  code  does  not  incorporate  the  curved  shape  of 
the  quadrupole  ends.  To  improve  the  calculation  accuracy 
one  can  use  available  3D  beam  simulation  or  an  effective 


quadrupole  length  that  can  be  obtained  either 
experimentally  or  by  using  3D  simulations. 


Fig  7  Unnormalized  emittance  scan  of  beam  at  diode  exit. 


Ill  CONCLUSIONS 

The  performance  of  the  injector  has  met  our 
requirements  in  terms  of  beam  current,  emittance  and 
energy  level.  Further  work  on  the  pulser  to  improve  the 
risetime  and  voltage  flat-top  will  be  needed  for  operation 
with  the  recirculator. 
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Abstract 

A  novel  scheme  for  the  generation  of  single,  isolated 
bunches  has  been  developed.  The  design  of  the  multi-gap 
deflector  geometry  and  the  results  of  particle  simulations  will 
be  discussed.  A  planned  experimental  setup  for  a  single 
bunch  RFQ  systemand  a  combination  of  a  two-beam  RFQ 
with  such  a  deflector  for  beam  funneling  is  presented. 

1.  INTRODUCTION 

The  deflection  of  single  beam  bunches  is  needed  in 
several  accelerator  applications,  e.  g.  for  time-of-flight 
experiments  in  atomic  and  nuclear  physics  where  bunched  ion 
beams  with  pulse  pauses  of  up  to  several  psec  are  necessary. 
Another  field  of  interest  for  a  defined  microstructure  is  the 
injection  into  booster  synchrotrons  for  e.  g.  spallation  sources. 
Also  the  funneling  of  ion  beams  needs  a  deflection  system, 
which  bends  the  two  beams  to  one  common  axis  [1]. 

To  deflect  single  beam  bunches  one  has  to  apply 
transversal  electric  fields  e.  g.  with  a  plate  capacitor.  The 
electric  fields  can  be  produced  by  pulsed  static  deflectors  with 
short  rise  time  (x  <  1/2  f,  f  =  accelerator  frequency)  [2],  where 
the  deflection  angle  is  proportional  to  the  applied  electric 
field  and  the  deflector  length  1  or  by  an  rf-deflector  which  can 
be  driven  by  resonant  structures.  So  it  is  possible  to  reach 
higher  voltages  then  in  static  deflectors,  because  the  voltages 
of  amplifiers  with  short  rise  times  are  limited  to 
approximately  1  kV.  In  the  rf-case  the  deflector  length  must 
be  proportional  to  the  particle  velocity  and  the  deflection 
angle  depends  on  the  rf-phase  (p  at  the  entry  of  the  deflector. 
For  the  optimal  lengths  and  phase  the  rf-amplitude  is  the 
static  voltage  times  Till  for  the  same  deflection  angle.  The 
electric  field  is  not  homogenous,  so  that  boundary  effects  have 
to  be  taken  into  account.  In  this  paper  a  new  concept,  based 
on  a  resonator  driven  multi-gap  deflector,  will  be  discussed. 

IL  THE  DEFLECTOR  GEOMETRY 

The  electrode  geometry  of  the  multi-gap  deflector  consists 
of  some  capacitors  with  equal  length  but  different  distances. 
In  this  geometry  the  particles  will  see  the  deflecting  field  in 
one  direction  several  times  but  the  deflection  in  the  opposite 
direction  is  always  less.  The  length  of  the  capacitors  have  to 
be  proportional  to  the  particle  velocity  and  to  the  inverse  of 


*  supported  by  the  BMFT 


z/mm 


Fig.  1 :  Scheme  of  the  multi-gap  deflector  electrode 

geometry  and  the  behavior  of  the  deflection  angel 
x’  and  the  deflection  x. 

the  frequency  of  the  deflection  system.  In  Figure  1  the  scheme 
of  the  multi-gap  deflector  electrode  geometry  and  the 
behaviour  of  the  particles  along  the  deflector  are  shown. 

The  single  cells  can  be  treated  like  isolated  rf-deflectors. 
If  the  electric  field  is  taken  as  a  constant  field  with  the  cell 
length  1,  the  deflection  angle  x’(z)  and  the  deflection  x(z)  in 
one  cell  can  be  written  as: 


xXz)=  —  (cos((p  )-cos(/c-z-q)  ))+x’(0) 
k 


—  (cos((p)  z  -  —sm{hz-<p)  +  — sin(-q)))  +  x’(0)  z  +  a(0) 
k  k  k 


where  a- - y 

Am^dv 


and  k 


(0 

V 


with  ^A  =  relative  charge  to  mass  ratio;  e  =  electron  charge, 
mo  =  mass  unit;  U  =  gap  voltage;  d  =  gap  width; 

V  =  particle  velocity,  (O  =  2  7i  f  with  f  =  frequency; 
x’(0),  x(0)  =  angle  and  displacement  at  cell  entry. 
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The  advantages  of  the  multi-gap  deflector  are  lower 
electric  fields  than  in  single  gaps  and  so  a  smaller  influence 
of  boundary  effects.  Another  possibility  is  to  add  focusing 
elements  in  the  cells  with  greater  aperture  [3]. 

III.  APPLICATIONS 

A.  Single  Bunch  Deflection  System 

For  the  chopping  of  bunched  ion  beams  a  combination  of 
one  single  gap  deflector  and  a  multi-gap  deflector,  running  on 
an  asynchronous  frequency  compared  to  the  bunch  repetition 
rate,  could  be  used.  The  multi-gap  deflector  has  to  prepare  the 
different  angels  between  the  succeeding  bunches  and  the 
single  gap  deflector  has  to  form  the  longer  time  structure. 
Here  the  length  of  one  deflection  cell  should  be  pA/2  (P  =  v/c; 
c  =  speed  of  light)  to  get  a  maximal  deflection  angle  x(l) 
which  for  (p  =  0  then  can  be  written  as 

a 

x\l)=2  — 
k 

Figure  2  shows  a  scheme  of  a  single  bunch  deflection 
system  for  He"^,  an  ion  energy  of  50  keV/u  and  a  repetition 
rate  less  then  5.4  MHz.  The  static  deflector  is  designed  to 
inject  10  bunches  of  the  RFQ  beam  into  the  rf  deflector  with  a 
variable  distance  between  the  packages.  Only  one  bunch 
passes  the  multi  gap  deflector.  The  time  structure  is  shown  in 
figure  3. 

beam  beam 


108  MHz  RFQ  deflector  rf  deflector 

50  keV/u  *2kV  97,2  MHz,  15kV, 

risetime  length  30cm 

lkV/0,4|is 


ig.  4:  Output  of  the  multiparticle  calculations  for  the  single 
bunch  deflection  system  for  three  succeeding 
bunches 

a)  and  c)  go  to  the  beam  stopper,  b)  to  experiment. 

In  Figure  4  the  output  of  multiparticle  simulations  for 
three  succeeding  bunches  is  shown.  Behind  the  multi-gap 
deflector  the  bunches  are  separated  more  than  1  mm,  so  only 
one  bunch  can  pass  the  aperture  of  the  second  beam  stopper. 

B.  Funneling 

The  multi-gap  deflection  structure  could  also  be  used  for 
beam  funneling.  Here  the  frequency  of  the  deflector  has  to  be 
the  same  like  the  accelerator  frequency  so  that  the  bunches 
from  different  beam  axes  will  see  opposite  field  directions, 
caused  by  the  phase  shift  of  180°  between  each  bunch.  If  the 
two  incoming  beams  are  parallel  the  cell  length  of  the 
deflector  has  to  be  PX,  to  get  only  a  displacement,  because 
then  for  (p  =  0  the  deflection  angle  x’  =  0  and  the  deflection  x 
is  maximal.  Our  favoured  scenario  for  beam  funneling  is  a 
two-beam  RFQ  with  convergent  beam  axes  and  a  multi-gap 
funneling  element  with  a  cell  length  of  pX/2,  placed  before 
the  beam  crossing.  Figure  5  shows  a  layout  of  a  planned 
funneling  experiment  for  He"^  with  two  ion  sources,  a  two- 
beam  RFQ  and  a  multi-gap  deflector  [4,5]. 


Fig.  2:  Scheme  of  the  single  bunch  deflection  system  for 
He^  at  50  keV/u  and  a  repetition  rate  <  5.4  MHz. 


t 

Fig.  3:  Time  structure  of  the  single  bunch  system, 
a)  RFQ  output,  b)  behind  beam  stopper  1, 
c)  multi-gap  deflector  output. 


Fig.  5:  Scheme  of  the  planned  experimental  setup  for 
funneling. 

The  two-beam  RFQ  structure  is  under  development  and  a 
prototype  with  parallel  beam  axes  passed  the  high  power  test. 
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First  multiparticle  calculations  for  the  deflector  design  have 
been  done.  In  table  1  the  main  parameters  of  the  planned 
experiment  with  He"^  which  is  a  scaled  version  for  Bi"^  as  it 
would  be  required  in  a  first  funneling  stage  of  a  heavy  ion 
fusion  driver  are  shown.  In  figure  6a  the  input  distribution  for 
the  particle  simulation  and  in  figure  6b  the  output  is  plotted. 


two-beam  RFQ 

He* 

Bi* 

fo  [MHz] 

54 

27 

Voltage  [kV] 

3.5 

180 

Rp-value  [kQm] 

100 

250 

Qo-value 

2000 

3000 

Tin  [keV] 

4 

230 

Ton.  [MeV] 

0.2 

12.54 

Length  [m] 

2 

16 

angle  between  beam  axes  [mrad] 

75 

75 

rf  deflector 

fo  [MHz] 

54 

27 

Voltage  [kV] 

5.2 

200 

Length  [cm] 

43 

100 

Table  1 :  Main  parameters  of  the  planned  experiment  with 
He"^  and  design  parameters  of  Bi'^. 
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Fig.  6a:  Input  distribution  for  the  funneling  simulation. 
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Fig.  6b:  Output  distribution  of  the  simulation  of  the  funneling 
section. 


For  an  input  distribution  with  displacement  and  angle  in 
the  opposite  direction  and  a  phase  shift  of  180°  the  results  are 
the  same.  The  bunch  is  bend  37.5  mrad  to  the  common  axis. 
These  results  show,  that  such  a  system  can  be  used  for 
funneling. 


IV.  OUTLOOK 

The  presented  designs  show,  that  the  novel  approach  with 
the  multi-gap  deflector  can  be  applied  for  the  generation  of 
single,  isolated  bunches  and  beam  funneling.  Further  work 
and  detailed  multiparticle  calculations  for  optimization  have 
to  be  done.  To  take  real  field  geometries  in  account,  MAFIA 
and  OPERA  simulations  have  been  done.  Also  the  boundary 
effects,  space  charge  forces  and  resonator  structures  have  to 
be  studied,  A  two-beam  RFQ  with  convergent  beam  axis  is 
under  development,  the  RFQ  electrode  design  is  in  progress. 
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Abstract 

The  development  of  the  4-Rod-RFQ  as  injector  for  low 
charged  heavy  ions  has  demonstrated  that  structures  with 
spiral  shaped  and  straight  stems  can  be  made  highly  efficient, 
very  stable  and  compact.  The  design  of  the  RFQ  structures 
and  results  of  impedance  optimizations  and  the  effects  of 
monopole  and  dipole  mode  generation  will  be  discussed. 

1.  INTRODUCTION 

Because  of  improvements  in  ion  source  technology  a  new 
layout  of  the  GSI  High  Current  Injector  can  use  higher 
charged  ions:  instead  of  U^'^,  as  used  for  the  “old“  High 

Current  Injector  design.  The  old  HCI  was  planned  as  a  27 
MHZ'RFQ  for  as  injector  for  the  Wideroe  and  a  stripper 
for  producing  with  a  necessary  current  of  25  mA.  In  the 
new  concept  a  beam  current  of  only  10  mA  is  required, 
because  a  stripper  is  not  needed  any  more,  the  beam  will  be 
injected  directly  into  a  new  IH-Linac, 

IL  RF-CALCULATIONS 

The  specific  parameters  of  the  rf-properties  of  the 
different  RFQ  resonators  have  been  checked  by  model 
measurements  and  calculations  with  the  program  MAFIA. 
Special  considerations  has  been  given  to  dipole  effects, 
distribution  of  losses  along  the  structure,  and  the  influence  of 
electrode-capacitance  on  the  rf-parameters. 

A.  Capacitance  of  electrodes 

The  capacitance  of  the  electrodes  has  a  strong  influence 
on  the  resonance  frequency  of  the  resonator.  A  resonator 
loaded  with  a  big  capacitance  usually  is  less  efficient,  the  Rp- 
value  (shuntimpedance)  is  smaller.  Although  the  vane-shaped 
geometry  has  20  %  more  capacitance  than  the  circular 
cylindric  one,  the  impedance  is  nearly  equal,  the  greater 
surface  produces  less  losses.  Table  1  shows  a  comparison  of 
resonators  with  vane-  respectively  rod-shaped  electrodes.  The 
numeric  calculations  of  characteristic  resonator-data  was 
done  with  the  programs  MAFIA  and  OPERA.  It  is  a  question 
of  manufacture  and  cooling,  which  shape  of  electrodes  will  be 
chosen.  So  mechanical  parameters  and  costs  may  determine 
the  choice. 


Vanes 

Rods 

Frequencv  /  MHz 

30.50 

32.24 

Quality-Factor 

12700 

11500 

Shunt-imp  ./k^lm 

277.3 

258.5 

Table  1:  RF-Parameters  for  different  electrode-shapes. 

B.  Dipole  effects 

Dipole  contributions  in  the  electrode  fields  correspond  to 
differences  in  the  potential  of  the  electrodes,  e.g.  the  beam 
axis  is  not  on  zero  potential.  They  can  be  a  reason  for  beam 
losses,  depending  on  their  strength  and  beam  emittances. 
Dipole-components  of  the  electrode-voltage  can  be  reduced  by 
shaping  the  stems  with  an  angle  a  as  shown  in  fig.  1,  which 
has  been  used  in  all  operating  four-rod  RFQs  [1].  With  an 
inclination  of  about  45  degrees  the  dipole  effect  can  be 
minimized  to  (U-Uav)/Uav  =  0.4  %  (see  table  2),  A  dipole  of 
2  %  or  less  is  insignificant  [2],  it  is  below  the  experimental 
tuning  tolerances  of  RFQs. 


Dipole  /  % 

a  /  Degrees 

1.41 

0 

1.17 

10.2 

1.04 

19.9 

0.89 

28.5 

0.76 

35.9 

0.60 

43.9 

0.45 

50.3 

Table  2:  Dipole-effects  versus  shape  of  stems. 


The  dipole-effects  can  be  reduced  by  longer  stems  too,  at 
a  lower  frequency.  Table  3  shows  the  decrease  of  dipoles  as 
function  of  the  length  of  the  stems  (rectangular  cross-section). 


Length  of  Stems  /  mm 

Dipole  /  % 

600 

1.27 

622 

1.22 

644 

1.18 

666 

1.14 

688 

1.10 

710 

1.06 

Table  3:  Dipole-effects  versus  length  of  stems. 
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25  %  duty  factor  [5].  For  omitting  the  cooling,  the  stems  must 
be  arranged  with  smaller  distances,  e.  g.  250  mm. 

Experiments  with  the  27  MHz  Spiral  loaded  RFQ  have 
shown  that  water  cooled  electrodes  are  not  necessary  anyhow, 
because  the  conduction  of  heat  by  the  electrode  carriers  is 
sufficient  [3], 

For  a  higher  frequency  (e.  g.  200  MHz  at  ESS-  or  ATW- 
projects)  the  average  power  is  higher  (5  %  duty  factor  up  to 
c.  w.,  5  -  100  kW/m).  A  high  duty  factor  prototype  with  a 
frequency  of  200  MHz  is  being  built  at  lAP  Frankfurt  for 
experiments  on  cooling  and  stability. 


Fig.  1:  Shape  of  four  rod  RFQ  stems. 

C.  Alternative  structures 

Alternative  structures  are  the  spiral  loaded  RFQ,  which 
has  been  successfully  tested  (27  MHz)  and  reached  full  beam 
current  recently  at  GSI  [3].  There,  this  structure  was  felt  to  be 
not  stable  enough,  so  that  the  structure  with  the  linear  straight 
stems  discussed  above  was  favoured  at  first. 

Another  structure  was  proposed,  which  can  be 
characterized  as  an  Interdigital-H-shaped  resonator  loaded 
with  Four-Rod  electrodes  and  supports  [4].  To  study  this 
resonator,  a  model  scaled  to  about  100  MHz  has  been  built. 

This  model  showed  dipole  effects  of  8  %,  what  scales  to 
2  %  at  a  frequency  of  36  MHz.  No  distinctly  advantage 
compared  to  the  stems-type  RFQ  can  be  seen,  whereas  other 
technical  difficulties  may  appear. 

MAFIA-calculations  may  show  different  results  for 
dipoles  because  of  different  paths  of  integration.  Integration 
paths,  shown  in  fig.  2,  give  voltage  values,  which  are  in  good 
agreement  with  experiments.  Direct  integration  on  the  beam 
axis  typically  has  too  small  values,  smaller  than  the  errors  of 
the  MAFIA  code. 


III.  COOLING  CONSIDERATIONS 

Due  to  the  maximum  duty  factor  of  about  3  %  the  rf- 
power  distribution  has  been  checked.  Less  than  20  %  of  the 
losses  appear  on  the  electrodes.  Nevertheless  this  is  critical, 
because  of  the  mechanical  precision  required.  In  a  stem- RFQ 
with  distances  of  400  mm  the  electrodes  will  have  to  be 
cooled  with  water  like  at  the  HLI-RFQ,  which  operates  at 


Fig.  3:  MAFIA-Plot  of  the  stems-prototype. 

A.  Distribution  of  losses 

Measurements  with  four-rod  RFQs  have  been  confirmed 
by  MAFIA-calculations:  The  RFQ  losses  are  distributed  as 
follows:  17  %  on  the  electrodes,  9  %  on  the  blocks  where  the 
electrodes  are  fixed  to  the  stems  (electrode  carriers),  58  %  on 
the  stems,  1  %  on  the  base  plate  and  only  9  %  on  the  walls  of 
the  cavity,  which  is  one  of  the  big  advantages  for  high  power 
operation. 


IV.  BEAM  DYNAMICS 

The  low  input  energy  of  2.2  keV/N  allows  a  relatively 
short  RFQ  with  a  sufficient  number  of  cells  to  achieve  a 
convenient  beam  formation  for  good  beam  quality.  The  RFQ 
has  to  be  designed  for  a  short  bunch  width  and  a  small  energy 
spread  at  the  output  and  a  minimum  transverse  emittance 
growth. 

In  figs.  4  and  5  the  results  of  beam  dynamics  calculations 
are  shown.  The  calculations  have  been  done  with  the  program 
PARMTEQ  for  an  input  beam  with  transverse  waterbag 
distribution  and  no  initial  energy  spread.  In  fig.  4  the 
emittances  behind  the  RFQ  are  shown  for  a  normalized  input 
emittance  of  0.3  7t  mm  mrad.  The  transmission  is  90%,  the 
emittance  growth  only  5.5%. 
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RFQ  FOR  U4,  F=36.1MHZ,  U=12SKV 

NCELL=356  ,  NPOINT=I810  ,  NTOTAL=2000  . Iin=  15  mA 


4.3  4.3  -0.1  6.6  0.1  &3  0.1 


X|cmJ 


Vlc«I 


Fig.  4:  RFQ  output  emittances,  with  space  charge  (15  mA). 


F-FjsCdec.  J 


TS  ’  ^2  '  lo'e  '  14'4  ^  ISO  2 it  ^252  '  28'8  *  32*4 


Fig.  5:  Beam  transmission  along  the  RFQ. 
A.  RF -Power  Requirements 


Stems 

Frequency  / 
MHz 

Quality- 

Factor 

Shunt- 

impedance 

400  X  400 

30.7 

10400 

770 

250  X  600 

36.9 

13000 

790 

250  X  700 

34.6 

12900 

830 

250  X  rad  60 

33.5 

11500 

840 

IH-Structure 

37.1 

8000 

360 

Table  4:  Properties  of  different  RFQ-resonators. 


Measurement 

MAFIA 

Frequency  /  MHz 

34.3 

32.2 

Quality-Factor 

2900 

10500 

Shuntimp.  /  kQm 

270 

770 

Table  5:  Comparison  of  calculated  and  measured  properties. 


V.  CONCLUSIONS 

Four-rod  type  RFQs  for  low  frequencies  have  high 
efficiency,  good  mechanical  stability,  good  operational 
characteristics  and  suffer  no  dipole  mode  problems,  which 
has  been  shown  in  calculations,  prototypes  and  operating 
structures.  Spiral  shaped  and  straight  stems  supports  give 
compact  resonators.  GSI  will  go  on  working  with  the  IH- 
driven  four-rod  RFQ,  for  which  prototyping  on  a  number  of 
design  issues  is  the  next  stage. 
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An  expected  Rp-value  of  500  k^2m  enables  the  operator 
of  an  RFQ  with  a  length  of  9  meter  (=  55  kO.)  to  reach  an 
electrode  voltage  of  125  kV  with  an  rf-power  of  280  kW. 

Table  4  shows  a  comparison  of  different  RFQ-resonators. 
The  stems  have  rectangular  cross-section  with  different  width 
and  length,  except  number  5  which  has  stems  with  a  circular 
cross-section  of  120  mm,  and  the  IH-structure  with  15  mm 
distance  of  the  supports  of  the  electrodes,  according  to  the 
GSI  design.  [4] 

The  low  power  model  has  a  simple  geometry:  The  stems 
with  a  cross-section  of  200  mm  x  10  mm  have  a  distance  of 
400  mm  and  a  height  of  400  mm.  The  electrodes  are  optional 
cylindric  with  a  radius  of  5  mm  or  vane-like  with  a  shape  of 
10  mm  X  20  mm,  each  1240  mm  long,  the  aperture  is  10  mm. 
The  resonator  was  only  screwed,  so  bad  contacts  reduce  the 
shuntimpedance.  Table  5  shows  the  comparison  between 
calculation  and  measurements. 
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Abstract 

Based  on  the  development  of  the  variable  energy  4-rod- 
RFQ  a  new  injector  for  the  ISL  heavy  ion  cyclotron  at  the 
HMI  Berlin  (the  former  VICKSI  machine)  is  under 
construction.  The  ECR  source  together  with  two  VE-RFQs 
will  replace  the  8UD-Tandem  injector  to  meet  the  demands  of 
solid  state  physics  users.  The  design  of  the  new  RFQ  injector 
and  the  status  of  the  project  will  be  discussed. 

I.  INTRODUCTION 

The  ISL  [1]  is  an  isochronous  cyclotron  with  four 
separated  sectors.  It  has  an  external  injection  of  beams  with 
variable  energy  from  either  a  CN-Van-de-Graaff  or  an  8UD~ 
Tandem.  Figure  1  shows  the  layout  of  the  accelerator  complex. 


TANDEM 


Fig.  1  Scheme  of  the  heavy  ion  accelerator  complex  with 
the  planned  changes  in  the  encircled  area 

The  scientific  program  at  the  ISL  has  been  changed  from 
nuclear  physics  to  solid  state  physics  [2],  To  get  higher 
intensities  in  the  energy  range  between  2  to  6  MeV/u,  the 
tandem  injector  will  be  replaced  by  a  combination  of  an  ECR 


ion  source  on  a  200  kV  platform  and  a  VE-RFQ,  to  meet 
demands  from  solid  state  physics  users.  The  combination  will 
accelerate  the  ions  to  energies  between  0.09  and  0.36  MeV/u 
to  cover  the  range  of  final  energies  out  of  the  cyclotron 
between  1 .5  and  6  MeV/u, 

IL  THE  VE-RFQ-STRUCTURE 

In  a  Radio  Frequency  Quadrupole  (RFQ)  structure  [3,4] 
acceleration  is  achieved  by  a  geometrical  modulation  of 
quadrupole  electrodes  leading  to  axial  components  of  the  field. 

The  fixed  velocity  profile  is  typical  for  RFQs.  It  can  only 
be  changed  by  varying  the  cell  length  L  or  the  frequency  f.  The 
second  possibility  of  changing  the  Wideroe  [5]  resonance 
condition:  L  =  fipXo/2  =  Vp/2f ,  is  the  way  which  has  been  used 
for  RFQs  with  variable  energy  (VE-RFQ)  [6].  For  this  reason 
it’s  possible  to  change  the  output  energy  using  the  same 
electrode  system  by  varying  the  resonance  frequency  of  the 
cavity:  Vp  ~  f,  T  ~  Vp2. 

To  change  the  frequency  of  the  4-Rod-RFQ,  a  type  of 
RFQ  resonator  developed  in  Frankfurt  [7],  the  resonator  can  be 
tuned  capacitively  or  inductively.  Figure  2  shows  the  latter 
way  of  tuning  by  a  movable  tuningplate,  which  varies  the 


Fig.  2  Scheme  of  the  VE-RFQ 


In  Frankfurt  the  VE-RFQ  was  developed  at  first  for  the 
application  as  a  cluster  postaccelerator  at  the  0.5  MV 
Cockroft- Walton  facility  at  the  BPNL  in  Lyon  (France)  [8,9].  It 
is  designed  for  Eh=10keV/u  and  an  output  energy  between 
Eout=50  keV/u  and  Eout=I00  keV/u  for  m=50u. 

Based  on  the  positive  experiences  of  this  project,  a  first 
combination  of  an  ECR  ion  source  with  an  VE-RFQ  has  been 
built  for  the  IKF  Frankfurt.  The  VE-RFQ  structure  is  designed 
for  a  minimum  specific  charge  of  q/A=0.15,  an  output  ion 
energy  of  Eout=100-200  keV/u,  a  maximum  electrode  voltage 
of  70  kV  and  has  a  structure  length  of  1.5  m. 
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III.  RFQ  AS  CYCLOTRON4NJECTOR 

A  first  proposal  to  use  an  RFQ  to  improve  the  axial 
injection  system  of  a  compact  cyclotron  was  made  by  Hamm 
[10].  To  inject  in  a  Separated  Sector  Cyclotron,  the  RFQ  has  to 
provide  a  bunched  beam  at  a  well  defined  injection  energy 
given  by  the  inner  radius  of  the  SSC.  The  operating  frequency 
of  the  RFQ  must  be  synchronised  with  the  cyclotron 
frequency,  which  for  RFQs  normally  means  a  fixed  output 
energy  per  nucleon,  which  would  match  to  fixed  energy 
cyclotrons.  To  keep  the  energy  variability  of  the  cyclotron  it’s 
necessary  to  have  an  injector  which  has  also  a  variable  energy 
and  frequency.  VE-RFQs  have  a  fixed  ratio  of  output  to  input 
energy  given  by  the  length  of  the  first  and  last  modulation  cell. 
This  is  similar  to  the  energy  gain  factor  of  a  SS-Cyclotron 
which  makes  them  well  suited  as  injectors  [11].  To  cover  the 
energy  range  of  1.5-6  MeV/u  the  injection  energy  Ejn  of  the 
ISL  must  be  between  Ein=90  keV/u  and  En=360keV/u,  at 
cyclotron  frequencies  of  10  to  20  MHz. 

The  new  injector  consisting  of  an  ECR-source  and  a  VE- 
RFQ  has  to  fit  into  the  existing  tandem  beam  line.  To  stretch 
the  energy  range  the  RFQ  will  be  split  into  two  RFQ  stages. 
Each  stage  with  a  length  of  1.5  m  consists  of  a  ten  stem  4-Rod- 
RFQ-structure.  With  a  rf-power  of  20  kW  per  stage  an 
electrode  voltage  of  50  kV  is  possible.  In  the  first  mode  of 
operation  both  RFQs  accelerate,  the  output  energy  of  the 
cyclotron  is  between  Eout=3  MeY/u  and  Eout=6  MeV/u  with  a 
harmonic  number  of  5  for  the  cyclotron.  There  are  two 
possibilities  for  the  low  energy  beam  mode,  where  the  RFQ2 
works  as  a  transport  channel.  RFQj  accelerates  while  the 
frequency  of  RFQ2  is  detuned.  The  second  possibility  is  that 
RFQ2  has  the  same  frequency  as  RFQj,  but  is  detuned  in 
phase.  In  this  mode  the  energy  range  of  the  cyclotron  is 
between  Eout=l-5  MeV/u  and  Eout=3  MeV/u.  The  cyclotron 
works  on  the  harmonic  number  7.  In  both  modes  the  RFQs  are 
tuned  to  the  eighth  harmonic  of  the  cyclotron  frequency.  A 
overallview  of  the  ECR-RFQ-Cyclotron  complex  is  shown  in 
figure  3,  characteristic  data  are  given  in  table  1. 


Fig.  3  Overallview  of  the  cyclotron  with  the  new  injector 


_ min./max.  Ejn _ 15. 

min./max.  Egut  RFQ  1 _ 90.j 

min./max.  Eo.;rfq2  m. 

Energy  gain  factor  RFQ  1 _ 

Energy  gain  factor  RFQ  2 _ 

charge-to-mass-ratio _ 

_ Frequency _ : 

Electrode  voltage  (max.) _ 

_ Length/diameter _ 

Cyclotron: _ 

_ K-factor _ 

_ Injection  radius _ 

_ Extraction  radius _ 

_ Rf-frequency _ ] 

_ max,  dee-voltage _ 1 

_ energy  gain  factor _ 

Harmonic  number  H _ 

Table  1 :  Main  accelerator  parameters 


15.16/29.72  [keV/u] 
90.98/178.35  [keV/u] 
178.35/355.09  [keV/u] 

_ 6 _ 

_ T96 _ 

1/8-1/4 

85-120  [MHz] 

50  [kV] 

3/0.5  [m] 

134  [MeV] 

_ 0-43  [m] _ 

1.8  [m] 

10  to  20  [MHz] 

140  [kV]  (peak) 
16.8-18.6 
2to7 


The  RFQ-output  emittance  depends  largely  on  the  input 
conditions.  For  matched  input  beams  with  AE/E  <  1,5  %, 
normalised  emittance  <  0.5  7C  mm  mrad  and  a  bunch  length 
At  <  1  ns  a  transmission  of  100  %  is  expected.  To  reach  this 
beam  quality  it’s  necessary  to  have  a  buncher-chopper  system 
between  the  ECR  and  the  RFQs  [12]. 

The  ECR-source  is  mounted  on  the  200  kV  platform, 
formerly  used  for  the  tandem.  The  vertical  beam  is  bent  90  °, 
passes  through  the  buncher-chopper-system  and  will  be 
injected  into  the  RFQs.  The  final  matching  into  RFQi  will  be 
done  by  a  triplet  lens.  The  beam  from  RFQ2  is  transported  into 
the  injection  beamline  of  the  cyclotron,  to  which  a  rebuncher 
has  been  added  to  make  a  proper  time  focus  for  the  cyclotron. 


IV.  BEAM  DYNAMICS 


The  beam  dynamic  calculations  were  made  with  the  code 
PARMTEQ.  Figure  4  shows  results  for  the  first  mode  of 
operation,  both  RFQs  accelerate,  at  a  frequency  of  120  MHz, 
with  rms-emittances. 


Fig.  4  Output  beam,  both  RFQs  accelerate 
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In  the  low  energy  beam  mode  the  two  possibilities  of 
transportation  through  RFQ2  were  investigated.  With  RFQ2 
detuned  in  frequency,  there  is  no  stable  phase  relation  between 
RFQi  and  RFQ2.  Therefore  all  the  minimum  and  maximum 
energies  shown  in  figure  5a  are  possible.  Figure  5b  shows  the 
region  (arrow)  with  a  proper  phase  for  the  possibility  with 
RFQ2  detuned  in  phase.  The  figures  show  £^^1  as  a  function  of 
the  input  phase  of  RFQ2.  The  output  beam  with  A(p=65°  is 
shown  in  figure  6. 

V.  STATUS  AND  SCHEDULE 

At  present  the  RFQ-design  is  being  optimised,  especially 
the  low  energy  beam  mode.  The  mechanical  design  of  the 
RFQ-tank  is  done,  the  details  of  structure  support  stems  and 
electrode  cooling  are  fixed  (see  figure  7). 

The  RFQ-system  is  being  manufactured  by  NTG  [13]. 
First  tests  are  scheduled  for  December  1995. 
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Fig.  6  Output  beam,  second  RFQ  detuned  in  phase 


Fig.7  View  of  the  first  RFQ  stage 
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Abstract 

The  Fermilab  linac  has  been  operating  at  200  MeV  since  1971 
and  was  upgraded  to  400  MeV  in  1993  with  a  peak  current  of 
^  35  mA.  The  injector  consists  of  a  Haefely  Cockcroft- Walton, 
H~  source,  an  high  gradient  accelerating  column  (750  kV),  4 
and  10  meter  long  transfer  lines  and  a  single  gap  201.24  MHz 
cavity.  The  performance  of  the  injector  has  been  very  gratifying 
although  some  tuning  must  be  done  approximately  daily.  The 
purpose  of  this  report  is  to  present  representative  experimental 
data  and  numerical  simulations  that  are  used  as  a  guide  for  im¬ 
provements  to  the  Fermilab  Linac.  Today,  the  Fermilab  Linac 
delivers  a  400  MeV  beam  with  a  peak  current  over  45  mA. 

1.  INTRODUCTION 

The  Fermilab  Linac  Upgrade  increased  the  energy  of  the  H~ 
linac  from  201  to  401.5  MeV[l].  This  was  achieved  by  replac¬ 
ing  the  last  four  201.24  MHz  drift- tube  linac  cavities  with  seven 
804,96  MHz  side-coupled  cavity  modules.  The  energy  increase 
has  improved  the  brightness  of  the  beam  in  the  Booster  and  the 
rest  of  the  Fermilab  accelerator  complex.  In  the  past  few  months 
a  further  increase  in  the  peak  beam  current  has  lead  to  a  further 
increase  in  the  beam  brightness  and  hence  an  increase  in  lumi¬ 
nosity  for  collisions.  The  increase  in  the  peak  current  to  45 
mA  or  higher  at  the  end  of  the  linac  is  a  result  of  work  done  on 
the  injector  area.  The  ion  source  work  is  described  in  the  next 
section.  Section  3  presents  modeling  results  of  the  transport  line 
using  TRACE3D  and  section  4  presents  experimental  data  and 
PARMILA  modeling  of  the  buncher  cavity  effects  on  the  beam 
from  Tank  2.  Figure  1  shows  the  injector  area,  transfer  line  from 
the  source  to  the  buncher  cavity  and  Tank  1. 

II.  ION  SOURCE 

For  twenty  years  Fermilab  has  been  using  a  magnetron 
source.  Until  last  May  the  source  typically  provided  a  beam 
current  of  50-55  mA  with  a  lifetime  of  four  to  six  months.  This 
source  has  a  slit  aperture  of  1  by  10  mw?  and  is  at  a  potential 
of  -750  kV.  The  ions  are  extracted  from  the  source  at  18  to  20 
kV.  To  compensate  for  the  large  asymmetry  in  the  two  planes 
and  obtain  a  nearly  circular  beam,  a  90^^  bending  magnet  with 
a  radius  of  8  cm  and  an  index  n=l  is  used  after  the  extractor. 
Following  the  bending  magnet  beam  enters  the  accelerating  col¬ 
umn  and  is  accelerated  to  750  keV.  For  the  source  to  work  in 
an  acceptable  regime,  with  a  lifetime  of  several  months,  there 
are  about  ten  parameters  that  must  be  adjusted  carefully[2].  An 
extensive  search  of  that  parameter  space  has  been  done  which 
resulted  in: 

^Operated  by  the  Universities  Research  Association  under  contract  with  the 
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Figure  1.  H~  Source  and  750  keV  transfer  line. 


1.  an  increase  of  the  extraction  voltage, 

2.  an  increase  of  the  cathode  temperature, 

3.  a  decrease  of  the  hydrogen  gas  usage,  and 

4.  adjustment  of  the  hydrogen  gas  timing, 

to  give  more  then  65  mA  peak  current  with  a  lifetime  longer  than 
four  months.  Figure  2  displays  the  output  current  as  a  function 
of  the  pulsed  hydrogen  valve  on  and  off  times.  It  shows  that  the 
output  current  depends  strongly  on  timing  and  hydrogen  usage. 

Figure  3  shows  the  beam  current  (h4tor)  following  the  H~ 
source  and  750  kV  accelerating  column.  The  lower  curve  is 
the  beam  current  at  the  end  of  the  linac  (d7tor).  From  May  to 
August  1994  the  second  source  and  accelerating  column  was  in 
use.  Since  the  beam  is  transported  through  the  straight  line  this 
produces  a  gap  in  h4tor  of  figure  1.  From  the  ratio  of  the  two 
curves  in  figure  3  it  is  clear  that  the  extracted  current  from  the 
source  and  that  the  overall  efficiency  of  the  linac  as  a  whole  has 
increased. 
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Figure  4.  Search  for  the  optimal  setting  of  the  first  H  quad. 


Figure  2,  The  horizontal  axes  are  the  gas  valve  times  in  /i  sec. 
The  vertical  axis  is  beam  current  in  mA. 

III.  750  keV  TRANSPORT 

The  H~  transport  line  between  the  source  and  Tank  1  is  about 
10  meters  long  with  limited  diagnostic.  The  main  diagnostic 
tools  are  six  current  transformers  and  four  emittance  probes. 
Two  emittance  probes  (horizontal  and  vertical)  are  located  after 
the  first  quadrupole  triplet  near  the  exit  of  the  750  kV  column. 
The  other  two  are  just  before  the  entrance  of  linac  Tank  1.  Each 
probe  consists  of  a  single  slit,  a  drift  space  and  a  20- segment  tar¬ 
get  oriented  with  the  segments  parallel  to  the  slit.  Table  1  lists 
emittance  values  at  these  two  locations  for  50  and  65  mA  beam 
currents. 

Emittance  measurements  were  used  to  reconstruct  the  beam  el¬ 
lipse  orientation  in  phase  space.  These  were  used  as  beam  input 
parameters  for  TRACE3D  simulation  of  the  750  keV  transport 
line.  Figure  4  shows  a  search  for  the  optimal  current  value  for 
one  of  the  quadrupoles.  Simulations  are  interfaced  with  the  con¬ 
trol  system  so  that  currents  in  the  magnets  and  quadrupoles  are 
directly  read  by  the  program.  There  is  good  agreement  between 


Figure  3.  Upper  points  are  current  in  mA  at  750  keV.  Lower 
boxes  are  beam  current  in  mA  out  of  the  Linac,  400  MeV. 


Table  I 

Normalized  emittances  at  the  beginning  and  end  of  the  750  keV 
transport  line.  Units  are  Trmmmrad. 


Peak  Current 

50  mA 

65  mA 

Emittance  Probe  HI 

1.6 

1.8 

90% 

Emittance  Probe  V 1 

1.8 

2.6 

90% 

Emittance  Probe  H2 

2.6 

90% 

Emittance  Probe  V2 

2.1 

90% 

simulation  and  transfer  efficiency  along  the  line.  This  result  is 
obtained  for  input  parameters  of  the  ellipses  taken  from  mea¬ 
surements  of  the  input  beam.  Measured  ellipse  orientations  at 
the  end  of  the  line  are  not  in  full  agreement  with  simulation  pos¬ 
sibly  due  to  beam  neutralization.  According  to  the  simulation 
the  transfer  line  is  “almost”  achromatic.  Operating  with  a  com¬ 
pletely  achromatic  condition  as  predicted  by  TRACE3D  causes 
a  degradation  in  the  transmission  efficiency. 
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IV.  BUNCHER 


The  low  energy  buncher  cavity  is  located  about  95  cm  up¬ 
stream  of  linac  Tank  1 .  Experiments  have  been  done  changing 
the  phase  and  rf  amplitude  in  the  bunching  cavity  and  in  the 
Tank  1.  Figure  5  shows  the  best  experimental  as  well  as  simu¬ 
lation  data  using  PARMILA  code[3].  Comparison  of  the  beam 
entering  the  buncher  with  the  beam  at  the  end  of  Tank  5  shows 
a  capture  efficiency  of  about  75%  of  the  750  keV  DC  beam. 
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Figure  5.  Linac  capture  versus  buncher  field. 
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Abstract 

The  critical  parameters  which  may  limit  the  luminosity  of  the 
Fermilab  Tevatron  Collider  are  the  beam  intensity  and  emittance 
growth  at  each  stage  in  the  acceleration  chain.  It  is  commonly 
believed  that  the  major  emittance  growth  occurs  at  the  low  en¬ 
ergy  acceleration  stage.  In  this  paper  we  examine  recent  ad¬ 
vances  in  RFQ,  DTL  and  superconducting  linac  technology  that 
should  permit  a  significant  increase  in  the  beam  brightness  of 
the  Fermilab  Linac. 

I.  INTRODUCTION 

The  Fermilab  Linac  Upgrade  increased  the  energy  of  the  H" 
linac  from201  to  401.5  MeV[l].  This  was  achieved  by  replacing 
the  last  four  201.24  MHz  drift- tube  linac  cavities  with  seven 
804.96  MHz  side-coupled  cavity  modules.  The  energy  increase 
has  improved  the  beam  brightness  in  the  Booster  and  the  rest  of 
the  Fermilab  accelerator  complex.  In  the  last  couple  months  we 
have  increased  the  linac' s  peak  current  from  35  mA  to  45  mA 
which  has  lead  to  a  further  increase  in  the  beam  brightness  and 
an  increase  in  collider  luminosity.  The  recent  measurments  of 
the  emittances  along  the  linac  are  summarized  in  Table  1 .  We 
quote  normalized  emittances  for  90%  of  the  beam. 


Energy(in  MeV) 

.75 

.75 

10 

116 

400 

Emitt.  Horizontal 

1.6 

2.6 

3 

4 

6 

Emitt.  Vertical 

1.8 

2.6 

3 

3 

5 

Emittance  measurements  are  in  units  tt  mm  mrad 


The  increase  in  the  H“  peak  current  to  values  above  45  mA  at 
the  end  of  the  linac  is  a  result  of  work  done  in  the  linac' s  low- 
energy  injector  area.  Currently  measured  emittances  with  45 
mA  output  current  do  not  show  any  noticeable  increase  as  the 
result  of  the  beam  current  increase.  It  is  believed  that  the  beam 
coming  from  the  ion  source  at  18  keV  has  emittances  in  both 
planes  of  about  1  tt  mm  mrad.  Some  old  records  show  that  the 
emittances  at  10  MeV  were  measured  at  between  2,5  and  3.5 
TT  mm  mrad.  Due  to  the  need  for  continuous  collider  operation, 
we  have  not  been  able  to  measure  emittance  at  this  position  since 
the  completion  of  the  400  MeV  upgrade.  All  this  information 
leads  us  to  believe  that  there  is  room  for  improvement  at  each 
stage  in  the  linac  chain.  In  the  next  section  we  will  analyze 
the  RFQ  as  a  possible  accelerating  structure  from  the  source  at 
35  keV  to  10  MeV.  This  would  replace  the  existing  DTL  Tank 
1 .  Section  3  will  describe  our  work  on  asymmetric  drift-tube 
structures  to  improve  beam  focusing,  and  Section  4  discusses 
our  new  high-gradient,  superconducting  cavity  program. 
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IL  RADIO-FREQUENCY  QUADRUPOLE 

A  redesign  of  the  low  energy  section  of  the  linac  was  con¬ 
sidered  earlier  by  C.  Schmidt  et  al[2].  In  that  paper,  the  H~ 
source  was  assumed  to  have  a  circular  aperture,  the  RFQ  had 
a  final  energy  of  2  MeV  and  a  new,  post-coupled  Alvarez  tank 
was  proposed  to  accelerate  beam  to  10  MeV.  We  have  consid¬ 
ered  four  possible  examples  of  RFQ’ s  to  accelerate  a  50  mA  H" 
beam  to  0.75,  2,  5  or  10  MeV.  We  are  assuming  that  the  beam's 
input  energy  will  be  35  keV  and  that  the  beam  comes  from  a  slit 
aperture  with  a  90^^  magnetic  bend  and  a  field  index  n  =  1/2. 
Our  main  concern  is  space  charge  degradation  of  the  emittance. 
To  reduce  this  effect,  we  allow  the  beam  to  remain  wide  at  the 
early  stage  of  transport  and  minimize  undulations  during  accel¬ 
eration.  We  estimate  that  after  the  90^  bend,  we  will  have  a 
round  beam  of  radius  0.5  cm.  Tliis  beam  will  be  matched  to  the 
RFQ  entrance  using  a  short  quad  triplet.  In  this  study  we  have 
limited  ourselves  to  the  frequency  201  MHz,  a  final  energy  less 
than  10.2  MeV,  a  peak  surface  field  of  1.9  Kilpatrick  and  peak 
powers  less  than  4  MW.  As  an  extreme  case,  we  have  analyzed 
L.  Young’s  long  coupled  cavity  RFQ  linac[3].  In  all  our  designs 
we  found  that  the  minimal  bore  radius  was  0.3  cm  for  a  50  mA 
beam. 

III.  ASYMMETRICAL  DRIFT-TUBE  LINAC 

The  asymmetrical  drift- tube  linac  has  elliptical  inner  and 
outer  surfaces  on  the  drift-tubes  to  achieve  both  acceleration  and 
focusing  (Figure  1), 


This  type  of  DTL  is  useful  for  low-energy  beams  (protons  be¬ 
low  10  MeV).  The  major  axis  of  a  drift-tube  is  rotated  ninety 
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degrees  with  respect  to  the  major  radius  of  adjacent  drift  tubes. 
This  produces  a  focusing  and  defocusing  set  of  transverse  fields 
in  the  horizontal  and  vertical  planes  similar  to  the  field  pattern 
in  an  RFQ.  This  structure  at  200  MHz  has  been  studied  using 
the  MAFIA  3-D  electromagnetic  code  to  determine  the  field 
strengths  and  shunt  impedance  (ZT^).  The  shunt  impedance  of 
the  structure  has  been  found  to  be  nearly  ten  times  higher  than 
for  an  RFQ  in  the  same  energy  range.  The  structure  has  rela¬ 
tively  higher  accelerating  fields  but  lower  focusing  fields  than  a 
comparable  RFQ. 

Thin  lens  calculations  have  indicated  that  the  fields  are  strong 
enough  to  contain  a  space  charge  dominated  beam  for  all  en¬ 
ergies  below  10  MeV  with  a  minor  bore  radius  of  1.4  cm.  The 
fields  are  strong  enough  to  allow  a  200  MHz  linac  to  be  designed 
in  the  form  of  short  tanks  of  five  gaps  followed  by  an  external 
quadrupole  magnet.  These  quadrupoles  allow  independent  con¬ 
trol  for  beam  transport  and  tuning  in  the  asymmetric  DTL.  A 
filling  factor  of  90%  will  not  significantly  reduce  ZT^  which 
ranges  from  8.4  MQ/m  at  750  keV  to  37.4  Mf2/m  at  10  MeV. 

To  further  increase  the  beam  intensity  in  the  8  GeV  Booster 
synchrotron  at  injection  for  high  energy  physics  and  antiproton 
production  as  well  as  to  provide  an  intense  proton  source  for  a 
future  muon  collider,  a  2  GeV  H”  linac  is  being  studied.  The 
linac  would  be  capable  of  accelerating  up  to  10^^  protons  per 
pulse  at  60  Hz.  Two  designs  are  being  investigated  (Figures  2 
and  3),  both  of  which  use  superconducting  805  MHz  cavities  for 
the  final  acceleration  stage.  Peak  beam  currents  of  80  mA  in  200 
fisec  pulses  are  envisioned.  Multi-cell  superconducting  cavities 
at  805  MHz  have  recently  supported  CW  accelerating  fields  up 
to  17  MV/m  with  cavity  conditioning  limited  only  by  available 
RF  peak  power.  [4]  Higher  gradients  are  certainly  possible  mak¬ 
ing  a  short,  high-energy  proton  linac  feasible. 

The  2  GeV  linac  may  take  one  of  two  forms  depending  on  the 
low  energy  arrangement  adopted.  The  first  option  is  to  build  a 
complete  new  linac  (Figure  2),  consisting  of  a  400  MHz  RFQ,  a 
normal  conducting  400  MHz  DTL  (part  of  which  may  be  asym¬ 
metrical),  a  normal  conducting  800  MHz  coupled-cavity  linac 
(CCL)  and  a  high-gradient,  800  MHz  superconducting  linac 
(SCL).  The  RF  plus  structure  costs  are  estimated  at  $9M  for  the 
RFQ  plus  DTL,  $16M  for  the  CCL  and  $29M  for  the  SCL.  The 
SCL  costs  assume  a  cavity  plus  cryostat  cost  of  $200Kymeter 
and  an  RF  cost  of  $100K/MWatt  of  peak  power.  The  total  linac 
length  would  be  about  180  meters.  Adding  ancilary  systems, 
beamlines,  utlities  and  civil  construction  results  in  a  total  cost  of 
about  $70M  for  a  complete  2  GeV  linac. 

An  alternate  approach  would  be  to  use  the  existing  Fermilab 
400  MeV  Linac,  upgrade  its  RF  systems  and  add  a  supercon¬ 
ducting  linac  to  the  existing  enclosure.  The  arrangement  how¬ 
ever  is  somewhat  novel,  and  is  called  the  “hairpin  linac”  (Fig¬ 
ure  3).  The  normal  conducting,  200  MHz  DTL  and  800  MHz 
side-coupled  linac  would  be  physically  reversed  in  the  linac  en¬ 
closure  as  would  be  the  RF  systems  in  the  upstairs  gallery.  A 
200  MHz  RFQ  would  be  added  as  a  new  injector.  The  400  MeV 
beam  emerging  from  this  linac  is  then  turned  180  degrees  with 
low-field  magnets  in  the  vacated  Cockcroft- Walton  Pre-acc  pits 
and  injected  into  a  new  superconducting  linac,  anti-parallel  to 
the  400  MeV  linac,  for  accceleration  to  2  GeV  The  cost  of  this 
option  is  about  $45M  due  to  savings  incurred  by  using  much  of 


the  existing  400  MeV  linac. 

An  805  MHz  superconducting  cavity  R&D  program  was 
started  at  Fermilab  in  early  1994.  The  goals  are  to  increase  ac¬ 
celerating  gradients  beyond  previously  achieved  values  and  to 
fabricate  and  test  a  4-cell  superconducting  cavity  with  400  MeV 
linac  beam  in  late  1997.  A  high  power  processing  (HPP)  facil¬ 
ity  is  being  constructed  using  the  12  MW  RF  system  and  shield 
cave  at  the  AO  lab,  leftover  from  the  Linac  Upgrade  Project.  A 
horizontal  cryostat  is  being  fabricated  using  a  former  vertical  de- 
war  on  loan  fromLoa  Alamos  National  Lab  as  the  outer  vacuum 
vessel  (Figure  4).  Two  input  power  couplers  have  been  built  and 
the  cryostat  is  about  25%  complete.  In  early  1996  single-cell 
niobium  cavities  previously  tested  at  Los  Alamos  will  be  con¬ 
ditioned.  Fabrication  of  a  4-cell  cavity  and  a  special  beamline 
cryostat  will  begin  in  mid- 1996. 


IV.  SUPERCONDUCTING  LINAC 
References 

[  1  ]  E.  McCrory,  ”The  Commissioning  and  Initial  Operation  of 
the  Fermilab  400  MeV  Linac”,  Proceedings  of  the  1994 
Linac  Conf.,  pp  36-40. 

[2]  C.  W.  Schmidt  et  al,  “Redesign  of  the  Low  Energy  Sec¬ 
tion  of  the  Fermilab  Linac  to  Improve  Beam  Brightness”, 
Proceedings  of  the  1988  Linac  Conf.,  pp.  188-189. 

[3]  L.  Young,  ”An  8-Meter-Long  Coupled  Cavity  RFQ 
Linac”,  Proceedings  of  the  1994  Linac  Conf.,  pp  178  - 180. 

[4]  B.  Rusnak,  LANL,  private  communication. 


921 


Rgure  2. 


RFQ 

Figure  3. 


Existing  Linac  turned  180  degrees 
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High-current,  cw  linear  accelerators  have  been 
proposed  as  spallation  neutron  source  drivers  for 
applications  to  tritium  production,  transmutation  of  nuclear 
waste,  and  safe  nuclear  power  generation.  Key  features  of 
these  accelerators  are  high  current  (100  mA)  low 
emittance -growth  beam  propagation,  cw  or  high  duty -factor 
operation,  high  efficiency,  and  minimal  maintenance 
downtime.  A  267.1  MHz,  cw  RFQ  and  klystrode  based  RF 
system  were  obtained  from  CRL[1]  and  installed  at  LANL 
to  support  these  next  generation  accelerator  studies.  The 
reconditioning  of  the  RFQ  accelerator  section  to  its  design 
power  of  150  kW  at  100%  duty  factor  is  being 
accomplished  with  studies  focusing  on  the  details  of 
high-power  RF  structure  operation,  personnel  and 
equipment  safety  systems  integration,  and  RF  controls 
integration. 

L  INTRODUCTION 

The  Chalk  River  Injector  Test  Stand  (CRITS)  RFQ 
was  the  267.1  MHz,  cw  proton  accelerator  section  from  the 
Chalk  River  Laboratories  (CRL)  RFQl  program,  a  program 
to  develop  100%  duty  factor,  high-current  proton 
accelerators.  This  accelerator  section  is  the  second  version 
of  the  RFQ  operated  at  CRL  and  provides  a  1.25  MeV 
output  beam.  The  RFQ  is  powered  by  a  250  kW, 
klystrode-based  amplifier  system  which  was  also 
commissioned  at  CRL[1].  The  accelerator  section  and 
support  equipment  were  obtained  under  contract  from  the 
Chalk  River  Laboratories  and  installed  at  Los  Alamos 
National  Laboratory  (LANL)  with  the  purpose  of 
supporting  studies  applicable  to  the  operation  of  high- 
power,  cw  accelerators. 

11.  INSTALLATION 

The  RFQ  was  shipped  from  CRL  with  a  minimal 
amount  of  disassembly.  Components  such  as  the  driveline, 
slug  tuner  assembly,  and  vacuum  pumps  were  removed  in 
order  to  reduce  shipping  size  and  preclude  damage  to 


*Work  supported  by  the  United  States  DOE,  contract 
W-7405-ENG-36. 


protruding  apparatus.  Because  of  the  robust  design  of  this 
RFQ,  it  was  decided  to  reassemble  the  RFQ  and  measure 
the  RF  parameters  rather  than  proceed  through  further 
mechanical  examination  for  shipping  damage.  The  RFQ 
resonant  frequency,  driveline  coupling  (p),  and  Q  were 
measured  and  compared  to  similar  measurements  originally 
made  at  CRL[2]. 


CRL  LANL 


fo  (MHz)  267.1  267.15 

p  1.15  1.18 

Q,  7325  7150 


The  close  agreement  of  the  RFQ  parameters  and  the 
further  integrity  of  the  vacuum  and  water  coolant  systems 
provided  the  assurance  that  high-power  RF  operations 
could  be  commenced  with  minimal  risk. 

III.  CONDITIONING 

The  RFQ  was  operated  at  its  design  field  level  at  CRL 
with  a  measured  peak  input  power  of  150  kW.  Although 
the  RFQ  had  been  previously  conditioned  to  the  design 
field  level  and  had  sustained  cw  operation,  the 
reconditioning  at  LANL  was  done  in  a  conservative  manner 
in  case  unobserved  shipping  damage  had  occurred. 

The  RF  directional  couplers  and  RFQ  monitor  loops 
were  calibrated  for  power  measurement  by  three  redundant 
systems  —  a  power  meter,  peak-to-peak  RF  signal 
measurements,  and  crystal  detectors.  Spark  and  light 
emissions  from  the  RFQ  were  monitored  remotely  by 
video,  and  vacuum  and  temperature  readouts  were  available 
for  observation. 

Initial  reconditioning  was  done  using  pulsed  power. 
The  RF  system  was  pulsed  at  a  60  Hz  rate  with  the  pulse 
length  advanced  throughout  the  conditioning  process.  The 
initial  pulse  length  (167  jasec)  resulted  in  a  1%  duty  factor, 
and  the  RFQ  was  conditioned  up  to  a  measured  peak  power 
of  150  kW.  This  process  was  repeated  at  increased  duty 
factors  up  to  50%. 

At  100%  duty  factor,  it  was  determined  that  sparks 
inside  the  vacuum  region  of  the  RFQ  system  developed 
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into  arcs  which  were  sustained  by  the  available  cw  power. 
These  sustained  arcs  sputtered  the  copper  in  the  driveline 
resulting  in  damage  to  the  vacuum  window.  It  was  learned 
at  CRL  that  providing  a  momentary  power  interruption 
quenched  the  arc  and  protected  the  system  from  damage. 
An  RF  blanking  module  was  developed  which  interrupted 
power  upon  the  detection  of  high  VSWR  (reflected  power) 
and  provided  a  ramped  tum-on  after  system  recovery.  The 
key  features  of  this  module  were  the  detection  of  the  high 
VSWR,  a  response  feature  providing  a  brief  RF  OFF 
period,  and  a  ramped  restoration  of  RF  power  to  minimize 
repeat  sparks.  Through  the  use  of  this  module,  power  could 
be  restored  to  the  RFQ  within  50  |Lisec,  a  desirable  feature 
for  future  high-intensity  accelerators.  Because  this  module 
protected  against  system  damage,  its  design  featured  a  no¬ 
deadtime  requirement  allowing  it  to  protect  against 
repetitive  sparks.  During  the  integration  of  this  module  at 
CRL,  it  was  determined  that  the  optimal  configuration 
provided  blanking  to  the  RF  drive  setpoint  rather  than 
attenuation  of  the  RF  power  between  the  low-level  RF 
amplifier  and  the  intermediate  drive  amplifier[l].  Recent 
modifications  integrated  the  setpoint  control  within  the 
module.  The  setpoint  response  to  a  spark  is  shown  in 
Figure  1  and  the  resulting  RF  response  is  shown  in  Figure 
2. 


Figure  1.  RF  power  drive  setpoint  response  to  an  RFQ 
spark. 


Figure  2.  267.1  MHz  video  envelope  signals  (negative 
signals)  resulting  from  an  RFQ  spark. 

IV.  FIELD  MEASUREMENT 

The  RFQ  peak  intervane  gap  voltage  was  measured  at 
several  powers  using  the  x-ray  endpoint  technique[3]. 
Figure  3  displays  the  peak  gap  voltage  as  a  function  of 
measured  RFQ  power  and  a  fit  to  the  data. 


With  the  protection  of  the  blanking  module,  cw  Figure  3.  Peak  intervane  gap  voltage  as  a  function  of 
conditioning  was  completed  to  a  measured  power  of  measured  RF  power. 

150  kW. 

The  measurements  indicate  that  the  design  intervane 
peak  gap  voltage  of  77.4  kV  is  reached  at  a  measured 
power  of  105.0  kW.  This  power  level  is  far  less  than 
predicted  by  simulations  and  previous  CRL  measurements. 
The  discrepancy  between  the  required  power  as  predicted 
and  measured  at  CRL  and  that  measured  at  LANL  is 
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probably  due  to  inaccuracies  in  the  latest  power  calibrations 
and  errors  in  this  preliminary  x-ray  measurement.  These 
measurements  will  be  repeated  and  the  results  rechecked. 

V.  SUMMARY 

The  CRITS  RFQ  has  been  conditioned  to  the  design 
field  levels  and  has  demonstrated  the  capacity  to  operate 
for  an  extended  period  without  failure.  The  RFQ  is  now 
operational  and  ready  to  commence  operations  with  a 
proton  beam. 
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ABSTRACT 

A  driver-scale  injector  for  the  Heavy  Ion  Fusion 
Accelerator  project  has  been  built  at  LBL.  This  machine 
has  exceeded  the  design  goals  of  high  voltage  (>  2  MV), 
high  current  (>  0.8  A  of  K"*")  and  low  normalized 
emittance  (<  1  tt  mm-mr).  The  injector  consists  of  a  750 
keV  diode  pre-injector  followed  by  an  electrostatic 
quadrupole  accelerator  (ESQ)  which  provides  strong 
(alternating  gradient)  focusing  for  the  space-charge 
dominated  beam  and  simultaneously  accelerates  the  ions 
to  2  MeV.  The  fully  3-D  PIC  code  WARP  together  with 
EGUN  and  POISSON  were  used  to  design  the  machine 
and  analyze  measurements  of  voltage,  current  and  phase 
space  distributions.  A  comparison  between  beam 
dynamics  characteristics  as  measured  for  the  injector 
and  corresponding  computer  calculations  will  be 
presented. 

1.  INTRODUCTION 

The  Fusion  Energy  Research  Program  at  Lawrence 
Berkeley  Laboratory  has  built  a  driver-scale  injector  for 
heavy  ion  fusion  research.  The  principal  design  criterion 
was  that  the  beam  delivered  should  be  at  the  same  line 
charge  density  as  expected  in  a  full-scale  heavy-ion 
driver.  The  injector  will  provide  0.8  Amperes  of  2  MeV 
K"*"  ions,  equivalent  to  a  line  charge  density  of  0.25 
|j.C/m;  it  is  further  specified  that  the  beams  must  have  a 
low  normalized  emittance  (~  1  tt  mm-mr),  repetition  rate 
of  1  Hz  and  pulse  length  of  l|is. 

On  the  basis  of  reliability,  driver  scalability,  and 
beam  specifications  an  ESQ  design  was  selected  for  the 
injector.  The  ESQ  accelerator  consists  of  a  diode 
followed  by  a  sequence  of  quadrupoles  arranged  to 
focus  and  accelerate  the  beam  at  the  same  time.  The 
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ESQ  concept  was  first  proposed  by  Abramyan  and 
Gaponov  [1].  The  ESQ  is  generally  a  long  machine  with 
correspondingly  low  gradients.  The  secondary  electrons 
are  swept  out  by  the  large  transverse  fields,  which 
reduces  significantly  the  breakdown  risks.  In  addition, 
the  sources  in  an  ESQ  are  generally  smaller,  so  their 
intrinsic  emittance  is  reduced.  The  ESQ  is  also  attractive 
from  the  standpoint  of  driver  scaling;  it  has  the  potential 
advantage  of  operating  at  energies  much  higher  than  2 
MeV,  since  the  critical  issues  in  an  ESQ  tend  to  center 
in  the  transition  from  the  pre-injector  to  the  first 
accelerating  quadrupoles. 

The  key  issue  for  this  design  is  the  control  of  beam 
aberration  produced  by  the  energy  effect  —  in  a  strong 
electrostatic  quadrupole  field,  ions  at  beam  edge  will 
have  energies  very  different  from  those  on  the  axis.  The 
"inter-digital"  structure  of  the  electrostatic  quadrupoles 
could  enhance  the  aberrations.  The  resulting  kinematic 
distortions  lead  to  S-shaped  phase  spaces,  which,  if  not 
corrected,  will  lead  eventually  to  emittance  growth. 
These  beam  aberrations  can  be  minimized  by  increasing 
the  injection  energy  and/or  strengthening  the  beam 
focusing.  It  may  also  be  possible  to  compensate  for  the 
energy  effect  by  proper  shaping  of  the  quadrupoles 
electrodes  to  include  octupole  corrections. 

A  schematic  of  the  one-beam  injector  is  shown  in 
Fig.  1,  The  components  of  the  injector  are  a  large  hot 
alumino-silicate  source,  a  diode  column  in  which  the 
beam  is  extracted  and  accelerated,  and  electrostatic 
quadrupoles  that  accelerate  the  beam  to  2  MeV. 

II.  THE  PRE-INJECTOR 

For  a  0.8  A  beam  to  be  accelerated  to  2  MeV, 
numerical  calculations  showed  large  normalized 
emittance  growth  (~  2  7C  mm-mr)  for  the  case  of  a  500 
keV  beam  injected  into  a  representative  ESQ.  A  smaller 
normalized  emittance  growth  (~  0.6  n  mm-mr)  was 
obtained  for  the  case  of  a  1  MeV  injected  beam.  The  ini- 
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Figure  1 :  Schematic  of  the  ESQ  injector  showing  the 
diode  column  and  the  electrostatic  quadrupoles. 
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Figure  3:  WARP3D  simulation  of  the  beam  in  the  ESQ. 


by  a  thick  "extraction  electrode."  An  extraction  pulser 
switches  the  source  from  -80  kV  to  +80  kV  relative  to 
the  extraction  electrode  during  beam  turn-on.  The 
geometry  of  the  diode,  beam  envelope  and  field 
equipotential  surfaces  as  calculated  by  the  EGUN  [2] 
code  are  shown  in  Fig,  2,  A  cross-check  of  the  design 
was  obtained  by  running  an  n  particle-in-cell 
calculation  using  the  GYMNOS  code  [3], 

III.  THE  INJECTOR 


Figure  2:  EGUN  output  showing  the  geometry  of  the 
axisymmetric  injector  diode,  ion  and  electron 
trajectories,  and  field  equipotential  surfaces. 

tial  normalized  emittance  in  both  cases  was  0.4  n  mm- 
mr.  To  check  the  physics  of  the  energy  effect  of  the 
ESQ  a  scaled  experiment  was  designed  to  accommodate 
the  parameters  of  the  source,  as  well  as  the  voltage 
limitations,  of  the  Single  Beam  Transport  Experiment 
(SBTE)  apparatus.  Phase  space  distortions  predicted  by 
simulations  have  been  observed  in  the  570  keV  scaled 
experiment  leading  to  a  factor  of  8  growth  in  the  beam 
normalized  emittance.  A  growth  of  less  than  a  factor  of 
2  in  the  beam  emittance  observed  in  the  1  MeV  scaled 
experiment  agrees  with  the  expected  decrease  in 
emittance  growth  by  an  increase  in  injection  energy. 
Therefore  a  major  effort  was  launched  to  design  a  high 
energy  diode  that  would  deliver  a  high  current  (0.8  A) 
and  low  normalized  emittance  (~  1 7C  mm-mr)  beam. 
A  diode  designed  to  hold  up  to  1  MV,  with  minimal 
breakdown  risks,  consists  of  a  hot  alumino-silicate 
source  with  a  large  curved  emitting  surface  surrounded 


The  design  of  the  ESQ  Injector  was  based  on  the 
three-dimensional  PIC  (particle-in-cell)  codes  WARP3D 
[4]  and  ARGUS  [5]  running  in  a  steady  state  mode.  A 
full  3-D  PIC  simulation  code  was  required  to 
incorporate  the  beam  space-charge-field  as  well  as  the 
self-consistent  fields  from  the  accelerating  quadrupoles, 
including  their  "inter-digital"  structure.  The  parameters 
of  this  design  represent  optimal  choices  to  have  a  proper 
balance  between  breakdown  risks  and  emittance  growth. 
Fig.  3  shows  the  beam  envelope  and  normalized 
emittance  along  the  ESQ  column  as  calculated  by 
WARP3D,  showing  a  small  emittance  degradation. 

The  construction  of  the  2  MeV  Injector  has  been 
completed.  The  actual  operation  of  the  injector  has 
exceeded  the  design  parameters. 

IV.  NUMERICAL  SIMULATIONS 

Measurements  of  the  transverse  phase  spaace 
distribution  has  shown  excellent  agreement  with 
WARP3D  calculations.  Fig,  4  shows  a  comparison  of 
measured  and  calculated  phase  space  distribution  in  the 
horizontal  plane. 
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Figure  4:  Horizontal  phase  space  at  the  end  of  the 
injector  as  calculated  and  as  measured. 

The  transient  longitudinal  dynamics  of  the  beam  in 
the  ESQ  was  simulated  by  running  GYMNOS  and 
WARP3D  in  a  time  dependent  mode. 

During  beam  turn-on  the  voltage  at  the  source  is 
biased  from  a  negative  potential,  enough  to  reverse  the 
electric  field  on  the  emitting  surface  and  avoid  emission, 
to  a  positive  potential  to  start  extracting  the  beam;  it 
stays  constant  for  about  1  |i.s,  and  is  reversed  to  turn-off 
the  emission.  Since  the  Marx  voltage  applied  on  the 
accelerating  quadrupoles  and  the  main  pre-injector  gap 
is  a  long,  constant  pulse  (several  |xs),  the  transient 
behavior  is  dominated  by  the  extraction  pulser  voltage 
time  profile.  The  extraction  pulser  voltage  profile  has,  in 
general,  a  0.5  |is  rise  time,  a  1  iJ.s  flat  top  and  a  0.5  \is 
falloff.  The  pulser  rise  used  in  the  simulations  followed 
the  Lampel-Tiefenback  functional  dependence  on  time 
which  eliminates  current  transients  in  a  one-dimensional 
diode  [6]. 

The  results  of  both  simulations  codes  showed  a 
significant  spike  in  current  and  energy  at  the  head  of  the 
beam.  A  similar  spike  appeared  in  the  experimental 
results.  Fig.  5  shows  the  current  profile  at  the  end  of  the 
ESQ  as  calculated  by  WARP3D.  The  current  waveform 
from  the  experiment  shows  a  similar  profile.  The 
extraction  voltage  pulser  shapes  used  in  the  simulations 
does  not  exactly  match  the  experimental  pulser  shape. 

The  height  of  the  initial  spike  is  dependent  on  the 
rise  time  of  the  pulser.  Simulations  of  the  pre-injector 
with  varying  rise  time  showed  that  the  minimal  spike 
height  was  obtained  with  a  500  ns  rise  time.  In  an  ideal, 
one-dimensional  injector,  with  a  rise  time  equal  to  the 
transit  time,  the  Lampel-Tiefenback  relation  would 
result  in  no  spike  being  formed. 

Another  feature  seen  in  the  simulations  is  the 
shortening  of  the  current  rise  time  with  respect  to  the 


Figure  5:  Current  waveform  at  the  end  of  the 
ESQ  as  calculated  by  WARP3D. 


pulser  rise  time.  With  the  pulser  rise  time  of  500  ns,  the 
current  rise  time  produced  is  200  ns;  significantly 
shorter.  This  is  in  agreement  with  the  experiment  which 
showed  the  same  behavior.  After  the  initial  rise  and 
spike,  a  stable  flat  top  was  maintained  for  a  time 
comparable  to  the  flat  top  of  the  pulser  voltage.  The  tail 
of  the  current  waveform  showed  a  long  falloff  as 
expected. 

V.  CONCLUSION 

The  2  MeV  ESQ  Injector  was  designed  using  three- 
dimensional  particle-in-cell  calculations.  Measurements 
of  the  beam  parameters  at  the  end  of  the  injector  have 
shown  excellent  agreement  with  computer  simulations. 
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The  s-Band  Test  Facility  currently  under  construction 
at  DESY  requires  2|a,s  long  macropulses  with  8ns,  16ns  or 
24ns  interbunch  spacing  at  an  average  current  of  300mA  in 
each  case  and  a  maximum  repetition  frequency  of  50Hz. 
The  injector  design  is  based  on  a  conventional  scheme  us¬ 
ing  a  pulsed  thermionic  gun,  two  subharmonic  bunchers 
(125MHz  and  500MHz)  and  two  travelling  wave  bunchers 
(P=0.6  and  P=0.95).  Together  with  a  high  power  gunpulser 
and  adequate  triggering,  the  gun  is  expected  to  generate  a 
2|is  long  train  of  pulses  with  less  than  2.5ns  FWHM- 
pulsewidth  and  a  peak  current  of  up  to  6A.  The  first  50cm 
of  the  injector  beamline  equipped  with  a  wall  current  moni¬ 
tor,  a  button  type  position  monitor  and  a  faraday-cup  at  the 
end  were  built  up  in  order  to  commission  the  gun  and  its 
pulser.  First  results  of  the  gun  and  pulser  operation  are  pre¬ 
sented  here  and  compared  with  calculated  performance. 

L  INTRODUCTION 

The  s-Band  Test  Facility  at  DESY  will  be  constructed 
in  order  to  study  the  feasibility  of  a  large  s-Band  Linear 
Collider  project.  The  Test  Facility  consists  of  an  injector 
followed  by  4  (p=l,  17MV/m)  accelerating  structures  of  6m 
length  each,  intersected  by  quadrupole  tripletts.  Before  be¬ 
ing  dumped  the  beam  passes  through  a  spectrometer  arm 
and  other  diagnostics  to  analyze  the  beam  quality. 

Based  on  a  50Hz  repetition  rate  the  testlinac  requires 
2iLis  long  bunchtrains  with  the  possibility  of  switching  be¬ 
tween  3  different  modes  of  time  structure,  while  keeping 
the  average  current  within  the  bunchtrain  constant  at 
300mA,  i.e.: 

1.  250  bunches  with  8ns  bunch  to  bunch  spacing  and 
2.4nC/bunch  «=>  1.5T0'^e7bunch 

2.  125  bunches  with  16ns  bunch  to  bunch  spacing  and 


4.8nC/bunch  ^  3.0T0^®e’/bunch 

3.  83  bunches  with  24ns  bunch  to  bunch  spacing  and 
7.2nC/bunch  4.5*10^‘^e'/bunch 

The  injector  which  should  deliver  these  bunchtrains 
was  designed  on  a  conventional  scheme  [1],  where  the 
pulses  are  generated  at  the  thermionic  gun  and  compressed 
by  means  of  two  subharmonic  (125MHz  and  500MHz)  and 
two  travelling  wave  bunchers  (P=0.6,  6.7MV/m  and  P=0.95, 
14MV/m).  To  avoid  deflecting  systems  such  as  choppers, 
the  gun  uses  a  gridded  cathode  in  order  to  produce  the  de¬ 
sired  bunchtrain  right  at  the  beginning.  The  generation  of 
short  electron  pulses  (FWHM-pulselength  <  2.5ns)  with 
high  bunchcharge  of  up  to  12nC  (60%  safety  margin  in¬ 
cluded)  in  combination  with  3  modes  of  multibunch  opera¬ 
tion  is  quite  a  challenging  task  for  the  gunpulser,  especially 
in  terms  of  amplitude  and  time  jitter  stability. 

Since  the  generation  of  the  pulsetrain  at  the  gun  is  one 
essentiell  part  of  the  injector,  only  the  very  first  part  of  the 
injector  beamline  was  built  up  in  order  to  be  independant  of 
commissioning  all  the  other  components  of  the  injector  at 
the  same  time.  This  setup,  as  shown  in  figure  1,  is  instru¬ 
mented  with  a  wall-current  monitor  (CMl)  at  z=3 1.6cm,  a 
button-type  position  monitor  (BPMl)  at  z=36.4cm  and  a 
faraday  cup  at  the  end  of  the  beamline,  i.e.  46.1cm  down¬ 
stream  of  the  gun  anode  which  is  at  z=0.  The  whole  system 
has  an  aperture  of  34mm  in  diameter,  except  the  hole  in 
the  anode  of  the  gun  which  has  a  diameter  of  20mm,  Pump¬ 
ing  is  done  directly  at  the  gun  via  a  short  pumping  port  by 
means  of  a  4001/s  getterpump. 

For  transverse  focussing  two  solenoids  AF2  (5.6cm 
long,  320  turns)  and  AF3  (8.7cm  long,  500  turns)  are  cen¬ 
tered  around  z=12.2cm  and  z=24.3cm  respectively.  With 
the  same  inner  radius  of  4.5cm  and  an  outer  radius  of  6.4cm 
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the  magnetic  fieldstrength  in  the  center  of  each  solenoid 
reaches  35  Gauss/A  for  AF2  and  45  Gauss/A  for  AF3.  A 
third  solenoid  AFl  centered  at  z=0  is  used  for  compensa¬ 
tion  purposes  to  keep  the  cathode  free  from  magnetic  field. 
With  a  length  of  2.3cm,  100  windings,  an  inner  radius  of 
10.4cm  and  an  outer  radius  of  12.5cm,  AFl  produces 
roughly  5  Gauss/A  in  its  center. 

In  the  first  phase  of  commissioning  the  gun  was  oper¬ 
ated  by  a  testpulser,  which  supplies  the  cathode  with  single 
pulses  of  3|is  length  and  variable  amplitude  at  50Hz  repeti¬ 
tion  rate.  Results  of  this  operation  mode,  in  which  the  cur¬ 
rent  capability  of  the  gun  and  the  beam  transport  to  the 
faraday  cup  were  investigated,  are  described  in  section  HI. 
During  this  operation  the  gun  was  conditioned  and  the  vac¬ 
uum  improved.  Thus  the  setup  was  well  prepared,  when  the 
shortpuls  gunpulser  was  delivered  by  HERMOSA  Electron¬ 
ics.  Its  performance  in  combination  with  the  gun  during  the 
first  week  of  operation  is  presented  in  section  IV.  Before 
dealing  with  the  experimental  results  the  following  section 
reviews  the  design  of  the  gun. 

IL  GUN  DESIGN 

For  clean  capture  by  the  first  subharmonic  buncher 
(125MHz)  the  FWHM-length  of  the  gunpulse  should  be  in 
the  order  of  90°  of  125MHz,  i.e.  2ns.  The  maximum  charge 
which  is  required  in  that  pulse  is  given  for  the  24ns  inter¬ 
bunch  spacing  operation  by  7.2nC.  Including  a  60%  safety 
margin  the  gun  has  to  deliver  about  12nC  in  a  pulse  of 
about  2ns  length.  Thus  the  gun  has  to  be  designed  for  a  cur¬ 
rent  capability  of  approximately  6A. 

In  order  to  relax  the  requirements  on  the  SHB  ampli¬ 
tudes  and  to  simplify  the  process  of  bunching  the  gunvol- 
tage  of  90kV  has  been  chosen  as  low  as  possible.  On  the 
other  hand  PARMELA  simulations  show  that  this  value  is 
high  enough  to  keep  space  charge  effects 
(bunchlenghtening  and  energy  modulation)  in  the  75cm 
long  drift  between  gun  and  first  SHB  still  acceptable. 

Based  on  the  EIMAC  Y796  cathode-grid  assembly  the 
gun  geometry  as  it  can  be  seen  in  figure  1  was  modelled 
with  the  EGUN  code.  With  a  34mm  anode  cathode  gap  this 
gun  has  a  calculated  perveance  of  0.22|liA/V^  ^  i.e.  at  90kV 
it  delivers  the  desired  6A  of  space  charge  limited  current. 
Due  to  EIMAC  fabrication  tolerances  the  exact  position  of 
the  cathode  relative  to  the  cathode-electrode  has  an  accu¬ 
racy  of  ±0.4mm.  EGUN  simulations  show  that  this  affects 
the  perveance  in  the  order  of  ±10%,  since  the  electrical 
fieldstrength  at  the  surface  of  the  cathode  is  quite  sensitive 
on  its  position. 

At  90kV  a  maximum  electrical  fieldstrength  of 
81kV/cm  appears  at  the  surface  of  the  anode  “nose”.  The 
normalized  and  absolut  emittances  at  the  gun  exit  are 
£n.ioft%=9.37i:mm’mrad  and  £3^5.100% =1 5. OTtmm'mrad  respec¬ 
tively. 

The  gun  is  operated  at  air  and  a  240mm  long  ceramic 
with  an  inner  diameter  of  200mm  insulates  anode  from 
cathode  potential.  The  cathode  itself  is  carried  by  a  conical 
metallic  tube,  that  runs  through  the  ceramic  and  is  flanged 
on  to  the  high  voltage  end  of  the  isolator.  At  the  same  time 
this  tube  serves  as  a  coaxial  housing  for  the  gunpulser, 
which  uses  a  three  stage  triode  tube  circuit.  Short  current 


pathes  and  coaxial  setup  provides  a  low  impedance  ar¬ 
rangement,  which  bring  up  the  short  pulses  to  the  cathode. 

Pulsing  the  cathode  by  a  resonant  amplifier  is  not  ap¬ 
plicable.  On  the  one  hand  each  of  the  3  time  structures 
would  require  an  extra  amplifier  (125MHz,  62.5MHz  and 
41.6MHz)  and  on  the  other  hand  the  bias  voltage  in  order  to 
produce  only  2ns  long  pulses  would  exceed  the  EIMAC 
specification,  especially  in  the  24ns  (41.6MHz)  case.  A 
linear  broadband  amplifier  with  a  bandwidth  in  the  order  of 
IGHz  could  be  used.  Since  it  has  to  deliver  6 A  at  a  forward 
voltage  (net  drive)  of  about  150V,  the  output  peak  power 
has  to  be  at  least  IkW.  In  this  combination  of  bandwidth 
and  power,  such  an  amplifier  is  not  available  right  off  from 
the  shelf.  That’s  why  the  nonlinear  pulser  based  on  triode 
tube  technology  is  used. 

III.  GUN-OPERATION  WITH  TESTPULSER 

In  order  to  get  experienced  with  the  new  hard-  and 
software  setup,  the  gun  was  driven  by  a  testpulser.  It  deliv¬ 
ers  single  pulses  of  1-3|lis  length  and  variable  amplitude  to 
the  cathode.  The  gunbias  was  fixed  to  60V.  Driven  by  this 
testpulser  the  maximum  current  which  was  measured  at  the 
faraday  cup  saturated  at  about  5. 2 A  at  90kV  independant  of 
increasing  the  gunheater  (7.5V)  or  the  netdrive  (175V).  The 
vacuum  was  about  2 10‘^Torr  at  this  time.  This  perveance 
limit  of  0.19|iAW^^  corresponds  to  87%  of  the  EGUN  pre¬ 
dicted  value. 

The  current  settings  of  AF2(5A)  and  AF3(4A)  for 
maximum  transmission  agreed  well  with  PARMELA  pre¬ 
dictions.  The  impact  of  AFl  on  the  transmission  is  negligi¬ 
ble  in  a  wide  range  of  ±3A,  but  it  should  deteriorate  the 
emittance  which  could  not  be  measured  so  far. 

By  means  of  this  operation  the  vacuum  quality  im¬ 
proved  automatically.  With  high  voltage  and  gunheater  on 
but  beam  off  the  vacuum  is  now  at  a  level  of  3T0‘^Torr. 
During  beam  operation  the  average  current  and  transmis¬ 
sion  losses  determine  the  rise  of  the  vacuum  pressure. 

IV.  PERFORMANCE  OF  GUNPULSER 

For  the  production  of  multibunchtrains  with  the  time 
structure  mentioned  in  section  I  a  special  gunpulser  was 
used.  It  consists  of  3  triode  tube  stages  (2*EIMAC  8755  and 
1*EIMAC  8940),  with  the  last  one  acting  as  a  perveance 
limited  current  source,  which  can  be  varied  by  setting  its 
anode  voltage  (0-3kV)  in  order  to  determine  the  current 
that  drives  the  guncathode.  At  a  20Q  dummy  load  the 
maximum  current  at  the  output  of  the  pulser  was  measured 
to  be  8.8A.  Since  the  gunpulser  input  with  an  impedance  of 
==50^2  requires  2ns  wide  pulses  of  about  60V  peak,  a  very 
broadband  high  gain  system  is  needed  to  produce  the  pulse- 
trains  at  the  pulserinput. 

Produced  by  a  tektronix  stimulus  triggergenerator  the 
desired  triggerchains  are  brought  up  into  the  high  voltage 
deck  of  the  gun  with  a  3GHz  bandwidth  laser  driven  optical 
transmission  system.  The  500mV  output  of  the  receiver  is 
fed  into  an  IGHz  bandwidth  A- type  amplifier  made  by  Am¬ 
plifier  Research  to  produce  60V  level  pulsetrains,  which  it 
did  very  clean  even  for  the  8ns  spacing. 
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At  first  we  checked  the  single  pulse  performance  of  the 
gunpulser  by  feeding  it  with  a  60V  pulse  from  an  avalanche 
pulser.  This  pulse  had  a  FWHM-length  of  2.1ns,  a  FW  of 
3.5ns  and  a  risetime  of  1.2ns.  The  corresponding  beampulse 
measured  at  CMl  showed  a  length  of  FWHM=2.4ns  resp. 
FW=3.5ns,  a  risetime  of  0.9ns  and  a  peakcurrent  of  2.3A, 

The  faraday  cup,  which  has  a  slower  response  due  to 
capacitive  effects  showed  a  peakcurrent  of  1.7 A  and  a 
FWHM  of  3.3ns.  Nevertheless  the  product  of  both  values, 
which  is  a  rough  estimate  on  the  pulsecharge,  gives  the 
same  result  of  5.6nC  for  both  measurements.  During  this 
test  the  gun  ran  at  60kV  (heater  7.5V,  bias  60V,  vacuum 
6T0'^Torr)  and  the  8940  anode  voltage  in  the  gunpulser  was 
set  to  800V. 

By  the  time  the  IGHz  bandwidth  amplifier  was  deliv¬ 
ered,  the  avalanche  pulser  was  replaced  by  this  device. 
Triggered  with  single  pulses  the  beamresults,  as  can  be 
seen  in  figure  2  were  similar  to  the  tests  with  the  avalanche 
pulser,  except  that  without  changing  the  peakcurrent  even 
shorter  bunches  down  to  FWHM=2ns  could  be  produced  by 
decreasing  the  low  level  trigger  pulsewidth  down  to  1.25ns 


measured  at  CMl,  (Ins/div,  FWHM=2,35ns, 
risetime=0.8ns) 

instead  of  1.5ns.  At  the  first  time  operating  with  mul¬ 
tibunches  a  strong  amplitude  droop  of  the  beampulses  along 
the  train  occured.  Caused  by  saturation  of  the  interstage 
transformer  cores  in  the  gunpulser  this  was  cured  by  some 
inductances  to  reset  the  core  bias  between  two  micropulses. 

After  that  the  multibunch  performance  of  the  gunpulser 
was  quite  impressive.  In  all  the  3  time  modes  (see  section 
I)  the  pulseshape  of  each  micropulse  in  the  train  has  the 
same  characteristics  as  the  single  pulse,  i.e.  a  FWHM- 
length  <2.5ns  and  FW<3.5ns  as  specified.  Concerning  the 
amplitude  stability  one  has  to  distinguish  between  the  3 
modes.  For  the  24ns  spacing  only  the  first  pulse  is  about 
10%  less  in  amplitude,  while  all  the  rest  of  the  train  is  flat 
within  4%  as  it  was  guaranteed.  At  the  16ns  mode  we  ob¬ 
served  a  resonance  effect,  which  causes  to  start  with  a  20% 
higher  amplitude  decreasing  within  the  first  5  pulses  down 
to  the  level  of  all  following  bunches.  In  addition  this  reso¬ 
nance  creates  parasitic  pulses  ~7ns  after  each  main  pulse. 
They  can  be  suppressed  by  reducing  the  8940  plate  voltage. 
When  the  origin  of  this  oscillation  is  understood  it  can  be 


Figure  3:  The  1.  to  23rd  of  250  bunches  with  8ns  spacing 
measured  at  CMl,  (20ns/div) 


eliminated  or  shifted  to  a  frequency  where  it  does  not  inter¬ 
fere  with  our  time  modes.  Although  it  was  not  guaranteed 
even  the  8ns  mode  showed  good  performance.  Some  kind  of 
a  sawthooth  amplitude  modulation  of  <15%  happens  for  the 
first  10  pulses,  before  coming  to  an  equilibrium  as  can  be 
seen  in  figure  3.  In  addition  a  continuous  slow  amplitude 
droop  over  the  2|as  train  of  about  10%  in  total  was  observed. 
One  reason  might  be  that  the  3x0.5nF  HV-capacitors,  which 
are  located  directly  around  the  ceramic  of  the  gun  are  not 
coupled  low  inductive  enough  to  keep  up  the  gunvoltage 
over  the  bunchtrain. 

The  maximum  bunchcurrent  was  about  3. 2 A  at  80kV. 
Since  this  it  not  the  perveance  limit  of  the  gun  (see  section 
III)  it  has  to  be  investigated  in  more  detail  what  is  limiting 
this  value.  The  pulse  jitter  observed  on  a  8GSa/s  scope  in  a 
1  oops/di V  scale  was  less  than  50ps  which  still  includes  the 
trigger  jitter  as  well. 

V.  SUMMARY 

The  90kV  thermionic  gun  for  the  s-Band  Test  Facility 
at  DESY  was  commissioned.  With  |is  long  single  pulses 
87%  of  the  EGUN  predicted  perveance  was  measured.  For 
the  production  of  multibunchtrains  a  high  gain  high  band¬ 
width  system  was  built  up  for  pulsing  the  gun.  In  a  short 
beamline  behind  the  gun  the  beamquality  was  measured, 
Bunchtrains  of  up  to  250  bunches  with  8ns,  16ns  or  24ns 
bunch  to  bunch  spacing  ,  a  non  perveance  limited  peak  cur¬ 
rent  of  up  to  3.2A  and  an  amplitude  stability  wihinless 
than  5%  except  from  the  first  few  pulses  were  produced. 
The  micropulses  had  a  FWHM-length  of  typically  2.3ns  and 
a  subnanosecond  risetime, 
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Abstract 

The  injector  of  Duke  storage  ring  is  a  295  MeV  S-band  linear 
accelerator  (linac)  which  consists  of  3  klystrons  and  11 
accelerator  sections.  The  phase  adjustment  between 
klystrons  is  achieved  by  means  of  2  commercial  coaxial 
phase  shifters  in  the  klystron  drive  line.  The  phase  between 
accelerator  sections  is  balanced  on  the  low  power  level  after 
the  waveguide  installation.  A  mechanical  high  power 
waveguide  phase  changer  has  been  developed  and  installed 
for  each  accelerator  section.  During  the  high  power 
operation,  the  waveguide  phase  can  be  changed  remotely  by 
driving  gearmotor  to  deform  the  waveguide  cross  section. 
The  test  results  and  high  power  performance  are  reported. 

L  INTRODUCTION 

A  295  Mev  S-band  linac  has  been  in  operation  at  Duke 
University  since  October  1994  (see  [1]  ).  It  serves  the  Duke 
1  GeV  storage  ring  as  an  injector.  The  linac  consists  of  three 
ITT  30  MW  klystrons,  eleven  10-foot  long  accelerator 
sections  and  a  RF  gun  cavity.  The  RF  frequency  is  2856.76 


MHz.  The  first  klystron  feeds  the  gun  cavity  and  first  3 
sections.  The  other  two  klystrons  each  feed  four  sections. 
The  RF  phase  adjustment  between  3  klystrons  is  achieved  by 
means  of  2  motorized  coaxial  phase  shifters  in  the  klystron 
drive  lines.  Only  one  high  power  waveguide  phase  shifter  is 
employed  in  the  gun  cavity  feed  line.  The  electrical  phase 
length  of  each  waveguide  branch  was  measured  and  adjusted 
at  low  RF  level  using  a  double  balance  mixer.  A  mechanical 
high  power  waveguide  phase  changer  has  been  developed 
and  installed  for  each  accelerator  section.  During  the 
operation,  the  phase  between  the  bunched  beam  and  the  RF 
wave  in  each  individual  section  can  be  corrected  remotely  in 
the  control  room.  The  test  results  and  high  power 
performance  are  reported.  Overall  this  paper  provides  a 
very  simple  and  economical  method  of  RF  phasing  for  short 
or  medium  size  linac  injectors. 

IT  WAVEGUIDE  NETWORK 

Aluminum  waveguide  WR284  pressurized  with  26 
PSIG  of  Sulfur  Hexafluoride  (SF6)  are  used  throughout  the 
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whole  system.  They  are  carefully  designed  to  have  equal 
electrical  phase  length  among  the  waveguide  network 
branches.  To  reduce  the  phase  differentials  caused  by 
waveguide  temperature  or  pressure  (see  [2]  ),  considerable 
care  was  also  taken  to  obtain  a  symmetrical  waveguide 
network  design 

The  branches  from  first  3-dB  power  divider  to  each  section 
have  an  about  equal  physical  waveguide  length  (around  20 
feet).  This  results  in  a  close  to  equal  power  dissipation  in  the 
accelerator  sections  and  waveguide  lines.  The  installation  of 
our  high  power  waveguide  phase  changer  has  eliminated  the 
regulation  requirements  on  waveguide  temperature  and 
pressure;  therefore,  no  cooling  water  for  waveguide  was 
required.  The  pressurized  SF6  circulates  through  a  '^xyer  in 
the  waveguide  system  and  is  not  pressure  regulated  either. 
The  aluminum  waveguide  flange  CPR284F  and  gaskets 
(Parker  5906-284-1)  are  used  throughout  the  waveguide 
system.  Most  of  the  waveguide  components  were  made  in 
house.  Some  pieces  were  made  locally  to  size  at  the  time  of 
installation. 

III.  RF  PHASE  ADJUSTMENT 

After  the  installation  of  waveguides  and  accelerator 
sections,  the  RF  phase  adjustment  was  performed.  Figure  1 
is  a  block  diagram  of  RF  phase  measurement  set-up.  A 
frequency  stable  signal  generator  gives  a  CW  signal  at  the 
operation  frequency  of  2856.76  MHz.  The  waveguides  were 
pressurized  at  26  PSIG  and  the  accelerator  sections  were 
cooled  at  30.2  degree  centigrade  which  are  the  normal 
operation  conditions.  Four  aluminum  waveguide  spools 
have  been  machined  to  connect  the  Skarpaas  flanges  at 
section’s  output  to  the  commercial  waveguide  flanges 
CPR284F  which  are  used  on  the  waveguide  to  coaxial 
adapters.  Heliax  coaxial  cable  and  semi-rigid  coaxial  cable 
are  used  for  the  purpose  of  phase  stability. 

The  phase  measurement  was  made  by  a  double  balance 
mixer  (mini-circuit  ZEM-4300MH)  as  a  nulling  detector.  A 
20-foot  long  Heliax  coaxial  cable  is  connected  to  one  of  the 
four  sections  at  each  time.  The  RF  signal  output  from  each 
section  is  compared  with  the  same  reference  signal  at  the 
mixer.  First  of  all,  take  a  rough  phase  scanning  for  all  of  the 
four  sections;  then  choose  one  section  whose  phase  error  lays 
in  the  middle  of  others  as  the  standard  one;  adjust  the  coaxial 
phase  shifter  in  the  RF  line  to  get  a  zero  output  from  the  inter 
mediate  frequency  (IF)  port  of  the  mixer  ;  then  switch  the  20- 
foot  cable  to  the  next  section;  use  a  C-clamp  to  indent  the 
waveguide  wall  to  get  the  same  nulling  output  of  IF  port. 
Bowing  in  of  the  narrow  wall  of  waveguide  decreases  its 
phase  length  and  bowing  in  of  the  broad  wall  increases  its 
phase  length.  The  waveguide  deformation  has  to  be 
permanent.  With  26  PSIG  pressure,  a  hand-operated  C- 
clamp  can  easily  obtain  the  desired  phase  adjustments.  After 
the  four  branches  reaching  their  phase  balance,  we  leave 
them  for  overnight  and  recheck  their  phase  next  day.  The 


typical  phase  difference  between  branches  is  around  10 
degrees  and  the  maximum  one  is  35  degrees. 

It  was  found  that  measurement  is  reproducible  within 
+/-  1.5  degrees  which  is  caused  mainly  by  reconnecting  the 
20-foot  Heliax  cable.  Since  the  zero  crossing  point  of  the 
mixer’s  IF  output  is  used  for  phase  detecting,  the  RF  signal’s 
amplitude  is  not  a  critical  issue  any  more.  We  set  the  RF 
level  for  the  best  phase  resolution  which  is  3  mV  per  degree 
of  phase  differential.  The  four  commercial  waveguide  to 
coaxial  adapters  have  a  phase  difference  within  +/-  1  degree. 
Assuming  the  sections  are  among  +/-  2.5  degrees  of  their 
design  length,  the  overall  accuracy  of  this  method  is  better 
than  +/-  5  degrees. 

IV.  WAVEGUIDE  PHASE  CHANGER 

The  remotely  operable  phase  changer  assembly 
consists  of  a  flanged  30-inch  long  piece  of  aluminum  WR284 
waveguide  suitably  equipped  with  a  mechanism  for 
compressing  together  or  pulling  apart  the  broad  sides  of  the 
waveguide  over  approximately  80%  of  its  length  (see  Fig.  2). 
An  aluminum  strip  .25x.30x24  inch  with  14  tapped  holes  was 
welded  along  the  centers  of  each  of  the  broad  sides  of  the 
waveguide  section.  To  this  was  fastened  with  screws  a 
0.37x2.0x24  inch  steel  bar  which  acts  as  a  stiffening  rib  to 
distribute  a  centrally  applied  compression  or  tension  force 
along  the  length.  The  force  is  generated  by  a  DC  gearmotor 
driving  a  shaft  with  right  and  left-hand  screw  threads 
machined  onto  its  ends.  Pivoted  nuts  riding  on  these  threads 
move  some  hinged  levers  in  or  out,  thereby  causing  a  large 
deforming  force  to  be  applied  to  the  centers  of  the  stiffening 
ribs.  The  waveguide  walls  each  move  in  or  out  by  up  to 
approximately  +/-  2  mm  (which  takes  the  aluminum  in  the 
waveguide  well  beyond  its  elastic  stress  limit),  and  the  phase 
of  the  RF  wave  propagating  in  the  deformed  waveguide  is 
changed  by  about  30  degrees  from  the  fully  compressed  to 
fully  expanded  states  (see  [3] ). 

The  readback  of  phase  information  is  provided  by  an 
LVDT  displacement  transducer  mounted  on  one  of  the  two 
stiffening  ribs  and  activated  by  a  rigid  arm  which  is  mounted 
on  the  opposite  rib.  The  LVDT  signal  is  thus  a  direct 
measure  of  changes  in  the  wall-to-wall  dimension  in  the 
center  of  the  broad  walls  of  the  waveguide.  As  measured 
using  a  slotted  line  attached  to  one  end  of  this  waveguide 
section,  the  phase  shift  is  a  very  linear  and  reproducible  over 
many  cycles  function  of  the  LVDT  signal. 

V.  SYSTEM  PERFORMANCE 

The  described  system  has  been  in  operation  for  six 
months  and  has  functioned  very  well.  Two  energy 
spectrometers  are  employed  for  monitoring  the  phase 
relationships  between  RF  traveling  wave  and  electron  beam. 
The  low  energy  spectrometer  is  located  after  first  accelerator 
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section  and  the  high  energy  spectrometer  is  at  the  end  of 
linac.  Phasing  is  performed  manually  in  the  control  room. 
The  phasing  criteria  are  to  maximize  the  beam  energy  and 
minimize  the  energy  spectrum  width. 

The  availability  of  phase  adjusting  for  each  individual 


accelerator  section  has  proven  valuable.  After  installation  it 
was  found  that  the  beam  line  length  between  first  and  second 
accelerator  sections  was  mistakenly  manufactured  1.074  inch 
shorter  than  the  designed  69-wavelengths.  We  shortened  the 
waveguide  length  to  that  section  correspondingly  and 
performed  a  phase  measurement  similar  to  the  low  power 


Figure  2:  Waveguide 

one  but  operated  at  a  high  power  level.  The  phase 
measurement  accuracy  performed  at  high  power  level  is 
around  +/-  10  degrees.  The  fine  phase  adjustment  for  these 
two  sections  was  made  by  their  waveguide  phase  changers. 

Each  waveguide  phase  changer  has  a  phase  adjusting 
range  of  +/-  15  degrees.  But  the  actual  phase  range  is  not 
limited  by  it.  If  one  of  the  phase  changes  reaches  its  limits,  it 
is  possible  to  indent  the  waveguide  wall  adjacent  to  it  to 
bring  the  phase  to  its  middle.  The  waveguide  phase  changer 
can  be  used  like  a  phase  indicator  during  the  high  power 
operation  which  gives  the  phase  direction  needed  for  the 
phase  adjustment. 

The  current  phasing  system  accuracy  is  limited  by  our 
high  energy  spectrometer  which  has  a  sensitivity  of  0.2%, 
The  further  improvement  is  to  have  a  more  sensitive 
spectrometer  or  using  the  beam  induced  signal  as  phase 
measurement, 
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Abstract 

The  TTF  phase- 1  injector  will  use  a  conventional 
thermionic  triode  gun  as  its  electron  source.  The  temporal 
structure  of  the  injector  will  be  obtained  by  the  application  of 
fast  (<  1  ns)  pulses  to  the  gun  cathode.  As  it  is  necessary  to 
operate  the  injector  at  a  fixed  average  macropulse  current  of  8 
mA,  while  having  the  ability  to  vary  the  repetition  frequency 
of  the  micropulses,  the  gun  has  to  function  at  peak  currents 
varying  from  100  mA  to  400  mA,  We  report  on  both 
measurements  and  simulations  (using  EGUN)  of  the  current- 
voltage  characteristics  of  the  TTF  gun.  In  addition  we  report 
on  measurements  of  the  emittance  of  the  gun  over  a  limited 
range  of  current  and  voltage.  The  emittance  is  seen  to  be 
dependent  upon  the  operating  perveance  and  is  smallest  for 
perveances  closest  to  the  space-charge  limited  value. 

1.  INTRODUCTION 

The  TTF  phase-1  injector  must  provide  the  TTF  linac  with 
an  average  macropulse  current  of  8  mA.  In  addition  it  is 
for  seen  that  this  current  should  be  provided  using  a  time 
strucure  (micropulse  frequency)  that  can  be  varied.  The  highest 
frequency  at  which  the  injector  can  operate  is  216.7  MHz, 
corresponding  to  the  frequency  of  the  sub-harmonic  buncher 
(SHB)  used  on  the  injector  [1].  However  it  desirable  that  the 
injector  provide  8  mA  average  current  at  sub-multiples  of  the 
above  frequency,  notably  72.2  MHz.  In  order  to  achieve 
variable  frequency  operation  of  the  injector  we  propose  to 
modulate  the  gun  current  by  the  aplication  of  fast  pulses  to 
the  cathode  delivered  via  a  wide-band  amplifier.  An  average 
current  of  8  mA  for  pulses  at  216.7  MHz  /  72.2  MHz  implies 
a  bunch  population  of  2.3x10^  e’s  /  6.9x10^  e’s.  Test 
measurements  on  the  wide-band  amplifier  indicate  that  the  gun 
output  pulses  will  be  quasi-triangular  in  form.  As  the  base 
width  of  the  pulses  should  be  of  the  order  of  0.64  ns,  in  order 
to  ensure  sufficient  compression  in  the  SHB,  the  figures 
above  imply  the  need  for  peak  gun  currents  of  1 15  mA  /  345 
mA. 

In  addition  to  the  above  beam  current  requirements  the 
electron  source  for  the  TTF  injector  must  deliver  a  beam  of 
250  keV  energy.  Although  a  suitable  gun  was  commercially 
available  we  have  preferred  the  solution,  inspired  from  the  S- 
DALINAC  at  the  TH-Darmstadt  [2,3]  of  using  a  triode  gun 
providing  30  kV  with  the  additional  energy  of  the  beam  being 
furnished  by  an  electrostatic  accelerating  column  capable  of 
sustaining  300  kV  in  air. 

2.  DESCRIPTION  OF  THE  GUN 

The  triode  gun  is  a  modification  of  the  gun,  built  by 
Hermosa  Electronics,  for  use  on  the  ALS  linac  at  Saclay  [4]. 


It  has  a  classical  ”Pierce-like"  geometry  and  employs  an 
Eimac  Y-845  cathode  (emitting  surface  area  =  0.5  cm^, 
cathode- grid  spacing  =  140  |xm).  In  its  original  form  the  gun 
had  a  anode-cathode  (A-K)  gap  distance  of  97  mm  and  provided 
a  nominal  current  of  100  mA  at  40  kV.  In  order  to  have  some 
margin  for  safety  we  should  like  to  be  able  to  operate  the  gun 
at  400  mA  with  30  kV  A-K  voltage,  consequently  the  gun  has 
to  be  modified  to  increase  its  perveance,  K  (=  W^^^)  to  0.077 
|iPervs.  A  schematic  of  the  modified  gun  is  shown  in  fig.  1. 


Figure  1.  Schematic  of  TTF  Gun.  The  distance  from  the  cathode 
plane  to  the  anode  nose  is  37.5  mm 

3.  GUN  CHARACTERISTICS 

The  space-charge  limited  (SCL)  current  for  a  planar  diode 
is  given  by  the  Child-Langmuir  law, 

I  =  J  2e 

9  V  me 

or, 

I  =  kvi-^A 

d2 

where  A  is  the  cathode  area,  d  is  the  A-K  distance,  V  is  the  A- 
K  voltage,  k  =  2.33x10'^  AA^2/2  ^nd  the  other  symbols  have 
their  usual  meaning.  Approximating  our  gun  geometry  as  a 
planar  diode  one  would  expect  therefore  that  the  we  should 
reduce  the  A-K  gap  to  39  mm.  Following  quick  exploratory 
runs  with  the  E-GUN  code  [5]  we  have  settled  on  a  gap  of 
37.5  mm.  We  have  reduced  the  A-K  spacing  by  welding  the 
focus  electrode  onto  a  long  cylindrical  stalk  which  is,  in  turn, 
welded  to  the  original  cathode  flange  (fig.  1). 
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3.1  EGUN  Simulations 

For  the  geometry  corresponding  to  figure  1,  EGUN  runs 
predict  that  the  SCL  current  will  be  402  mA  at  30  kV 
operating  voltage.  As  well  as  reducing  the  A-K  gap  distance 
we  have  also  performed  simulations  and  measurements  for  the 
case  were  the  length  of  the  "nose"  of  the  focus  electrode  is 
halved,  from  14  mm  to  7  mm.  This  modification  was 
considered  due  to  concern  about  electrical  breakdown  between 
the  tip  of  the  nose  and  the  anode  for  the  reduced  gap  distance. 
EGUN  runs  for  this  case  show  an  additional  increase  of  25% 
in  the  perveance,  i.e.  K  =  0.1  pPervs.  However  the  outputs 
also  show  some  increase  in  the  divergence  of  the  extracted 
beam,  an  effect  which  turned  out  to  be  much  greater  for  the 
measured  case  (see  below).  For  this  reason,  and  following 
high  voltage  tests  which  showed  that  breakdown  did  not  occur 
with  the  original  focus  electrode  for  A-K  voltages  up  to  60 
kV,  we  intend  to  work  with  the  original  focus  electrode 
dimensions. 

Examination  of  the  EGUN  output  file  shows  that  the  current 
density  at  the  the  outer  radius  is  only  5%  higher  than  that  on 
axis.  However  the  phase-space  at  the  edge  of  the  beam  suffers 
from  a  certain  degree  of  aberration  which  is  less  severe  for 
higher  currents.  A  re-design  of  the  focus  electrode  might  allow 
some  reduction  of  the  effects  of  aberration. 

3.2  Perveance  Measurements 

The  measured  characteristics  of  the  gun  are  shown  in  figure  2 
for  various  A-K  voltages.  One  can  see  that  the  measured  SCL 
current  is  406  mA,  in  excellent  agreement  with  the  EGUN 
prediction  of  402  mA  (note  that  the  planar  diode 
approximation  predicts  430  mA).  Measurements  for  the 
reduced  focus  electrode  nose  length  resulted  in  exactly  the 
same  25%  increase  in  perveance  seen  in  the  simulations. 


Grid  pulse  voltage  (V) 

Figure  2.  Measured  characteristics  of  the  modified  gun  for 
varying  A-K  voltages. 

4.  THE  GUN  EMITTANCE 

To  be  consistent  with  the  definition  used  in  EGUN  we 
take  the  normalised  emitance,  =  47p£nns’  where 


£rms  =  (<x2><x’^>  -  <xx'>^)^^^  , 

X  and  x’  are  the  positions  and  slopes  of  the  particles  with 
respect  to  the  beam  axis  and  y  and  P  are  the  usual  relativistic 
factors.  The  brackets  imply  the  weighted  averages  of  the 
quantities  within  them.  The  emittance  specification  for  the 
injector  is  set  by  the  requirement  to  maintain  a  small  rms  spot 
size  (2  mm  rms  radius)  in  the  linac  for  non-accelerated  beams. 
This  results  in  the  need  for  a  normalised  emittance  of  the  order 
of  20  mm-mrad.  Higher  charge  electron  injectors  normally 
have  emittances  which  are  dominated  by  the  beam  dynamics  in 
pre-bunching  and  bunching  cavities.  However,  for  our  low 
charge  case  (37  pC/microbunch),  PARMELA  simulations 
indicate  that  emittance  growth  from  the  source  (250  keV)  to 
the  end  of  the  injector  (10  MeV)  is  less  than  a  factor  of  2, 
hence  the  beam  emittance  is  dominated  by  the  value  provided 
by  the  gun. 

The  intrinsic  emittance  of  a  non-relativistic  thermionic 
gun  is  given  by  the  expression, 


where  R  is  the  cathode  radius  and  T  is  the  cathode  temperature. 
For  our  case,  with  R  =  4  mm  and  T  =  0.1  eV  we  would  expect 
an  emittance  of  3.7  mm-mrad.  However  this  value  is  well 
known  to  be  optimistic  as  field  non-uniformities  around  the 
grid  wires  will  increase  the  angular  spread  of  the  electrons  as 
they  pass  through  the  grid  [6]  (this  effect  would  be  minimised 
for  the  case  where  the  grid  is  biased  at  a  potential  difference, 
w.r.t.  the  cathode,  which  just  corresponds  to  the  same 
potential  difference  which  would  exist  in  the  absence  of  the 
grid  [7]).  Increases  in  emittance  by  factors  of  four  to  seven 
have  been  reported  for  guns  employing  triode  configurations 
over  identical  geometries  using  simply  a  diode  [8]. 

4.1  Emittance  Measurements 

The  emittance  of  the  beam  has  been  measured  using  a 
previously  reported  technique  which  takes  into  account  the 
effects  of  the  space-charge  of  the  beam  [9].  Since  then,  the 
process  has  been  computerised  with  Labview.  Beam  profiles 
are  digitally  recorded,  and  20  radii  are  calculated.  The  range  of 
current  measurements  was  restricted  to  200  mA  due  to  the 
damage  threshold  of  the  current  detector.  Although  the  gun 
will  be  operated  in  a  very  short  pulse  mode  (<  1  ns)  the 
emittance  measurements  to  date  have  been  made  using 
relatively  long  pulses  of  3  ps  as  the  fast  pulser  for  the  cathode 
was  not  available  at  the  time  of  the  measurement.  The 
measured  emittances,  as  a  function  of  beam  current  and  anode 
voltage,  are  shown  in  figure  4.  One  can  see  that,  in  general, 
for  a  given  beam  current  the  emittance  increases  with 
increasing  voltage  and  that,  for  a  given  voltage,  the  emittance 
appears  to  decrease  with  increasing  current.  Of  the  ten  data 
points  one  (50  mA,  35  kV)  is  not  consistent  with  this  remark 
however  this  point  is  sufficiently  close  to  the  point  at  50  mA, 
30  kV  that  the  measurement  error  could  easily  account  for  this 
exception.  These  observations  are  consistent  with  the  fact  that 
the  gun  optic  is  optimised  for  one  single  value  of  perveance, 
i.e.  the  space-charge  limited  value.  For  this  perveance  the 


936 


external  focus  force  provided  by  the  gun  geometry  balances  the 
self  space-charge  field  of  the  beam.  The  further  one  reduces  the 
beam  current  below  the  SCL  value,  for  any  given  A-K 
voltage,  the  further  this  balance  is  reduced,  resulting  in 
inreased  emittance  [10].  Care  should  be  exercised  in  using  this 
arguement  to  explain  the  measured  values  as  the  situation  is 
further  complicated  by  the  fact  that  different  grid  voltages  are 
used  to  extract  a  particular  current  for  a  given  A-K  voltage. 
Therefore  the  contribution  from  the  'grid  effect'  mentioned 
above  is  not  always  the  same. 

As  the  EGUN  runs  are  performed  for  the  case  of  a  diode, 
i.e.  the  simulations  do  not  include  the  effect  of  the  grid,  one 
cannot  expect  to  obtain  good  agreement  between  the  calculated 
values  and  the  measured  ones  [11].  The  calculated  emittance  is 
found  to  be  an  increasing  function  of  current  but  never  exceeds 
the  intrinsic  value,  consequently  it  is  always  inferior  to  the 
measured  values.  This  same  grid  effect  is  responsible  for  the 
large  measured  beam  divergences  in  comparison  to  the 
calculated  values. 

The  smaller  emittance  values  shown  in  figure  3  for  smaller 
gun  voltages  might  imply  that  it  is  best  to  operate  the  gun  at 
the  lowest  voltage  which  will  produce  the  required  current. 
However,  we  wish  to  minimise  growth  of  the  transverse  beam 
size  in  the  electrostatic  column  (approximately  90  cm  long) 
and  therefore  it  may  be  advantageous  to  have  the  beam  exit  the 
anode  aperture  at  higher  voltages.  Now  that  tests  of  the  40  kV 
gun  are  complete  we  will  determine  the  optimum  operating 
conditions  for  the  gun-column  assembly  during  forthcoming 
tests  at  SEA  (Saclay). 


discussions  on  the  gun.  One  of  us  (T.G.)  is  grateful  to  Bernard 
Mouton  for  computer  support. 
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Abstract 

Experimental  data  on  obtaining  electron  beam  by  the 
magnetron  gun  with  a  cold  cathode  are  presented.  Two 
possible  emission  mechanism  such  as  electron  secondary 
emission  and  explosive  emission  as  well  as  methods  of 
identifying  it  are  discussed.  Data  on  measuring  amplitude  and 
form  of  the  beam  current  pulses  and  the  beam  diameter  with 
variation  of  the  electrical  and  magnetic  fields  are  given.  The 
final  aim  of  these  researches  is  production  of  the  stable  pulse 
beam  with  the  currents  nearly  100  amperes  and  the  long  life 
time  of  the  gun.  The  research  is  carried  out  to  create  the 
magnetron  injection  gun  for  the  high  power  cluster  klystron 
for  the  Next  Linear  Colliders. 

I.  EXPERIMENT 

This  paper  presents  the  experimental  results  of 
electron  beam  generation  in  a  cold-cathode  magnetron  gun, 
operating  in  secondary-emission  mode  [1]. 

The  research  was  performed  on  an  experimental 
facility  which  contained  a  negative  HV-pulse  source,  the 
pulse  of  the  amplitude  U<40  kV  and  width  0.5-2.0  ps  being 
fed  on  to  a  finger-like  copper  cathode,  while  the  anode,  made 
from  a  stainless  steel  tubing  35  mm  in  diameter,  250  mm 
long,  was  grounded  via  resistor.  The  gun  was  placed  in  a 

pulsed  magnetic  field  of  the  strength  H<0.5  T.  The  beam 
current  was  measured  using  the  resistor  connected  to  an 
electron  collector. 

The  above-device  was  used  to  measure  the 
relationship  of  beam  current  amplitude  vs.  magnetic  field 
strength  H  (Fig.  1)  which  has  a  threshold  nature  of  beam 
current  rise  and  disruption. 


Particle  energy  measurements  were  made  using  the 
technique  of  absorption  of  the  particle  energy  in  aluminium 
foil  10  |am  thick.  During  the  measurements  the  absorption 
coefficient  was  =0.1  corresponding  to  electron  energy  about 
32  keV,  the  voltage  pulse  amplitude  being  39  kV  and 
magnetic  field  0.2  T.  The  peculiarity  of  these  measurements 
had  to  do  with  a  decreasing  longitudinal  electron  pulse  caused 
by  spiral-line  electron  motion  in  the  magnetic  field. 

The  beam  dimensions  were  measured  by  producing 
its  imprint  on  photo-film,  photo-paper  and  thin  metallic  foil  in 
two  cases:  1)  for  cathode  diameter  5  mm  and  2)  for  cathode 
diameter  8  mm.  The  beam  had  annular  transverse  cross- 
section.  In  the  first  case,  the  beam  outer  diameter  (OD)  was 
9.5  mm  and  its  inner  diameter  (ID)  5.5  mm  (U=40  kV, 
H-03),  in  the  second  one,  its  OD  was  15  mm  and  ID  -  9  mm 
(U=40  kV,  H=025  T). 

Upon  increasing  the  voltage  pulse  duration,  it  was 
observed  that  current  grew  in  the  beam  current  pulse  which 
exceeded  the  secondary  emission  current  pulse  amplitude  by  a 
factor  of  1. 5-2.0  and  had  a  serrated  top.  Concurrently,  the 
chamber  pressure  grew  from  3.0*10“^Torr  to  1.0*10'^Torr. 
From  our  view-point  this  is  associated  with  gas  desorption 
from  electrode  surfaces  under  the  impact  of  bombarding 
electrons,  and,  as  a  consequence,  with  development  of 
breakdown  in  the  anode-cathode  gap  [2].  In  order  to  preclude 
this  undesirable  phenomenon  one  has  condition  and  heat  the 
electrodes  in  vacuum. 

In  all  our  results  demonstrate  the  feasibility  on 
construction  of  a  powerful  cold-cathode  electron  gun  with 
long  pulse  duration. 
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Abstract 

The  experiments  of  secondary  emission  in  the 
magnetron  injection  gun  and  using  of  such  a  gun  in  electron 
linear  accelerator  are  described.  Up  to  now  it  was  attained  65 
amperes  of  beam  current  in  short-pulse  regime  of  the  gun  and 
3  milliseconds  of  pulse  duration  in  the  low  current  regime. 
Characteristics  of  the  gun  operating  in  the  secondary  emission 
regime  and  the  methods  of  calculating  it  are  adduced.  Main 
advantages  of  this  regime  may  be  long  life  time  of  the  gun  and 
high  stability  of  beam  current  at  employing  purely-metal 
cathodes.  Prospects  of  using  the  gun  in  the  secondary  emission 
regime  in  linac  technology  (mainly  in  high  power  RF-sources) 
are  discussed. 

1.  EXPERIMENT  AND  RESULTS 

The  magnetron  injection  gun  is  a  well  known  device. 
The  experiments  with  the  cold- cathode  devices  of  such  a 
are  known  too  [1].  We  describe  some  new  experiments  with 
the  cold-cathode  magnetron  injection  gun  that  are  made  in 
our  institute  [2-6]. 

The  representation  of  the  gun  are  shown  in  Fig.  1. 

S 


Figure  1:  Schematic  representation  of  the  cold-cathode 
magnetron  injection  gun.  S  is  the  solenoid,  A  and  C  are  the 
anode  and  cathode  accordingly,  I  is  the  insulator. 

It  was  established  that  if  between  the  anode  and 
cathode  a  short  pulse  of  voltage  (several  tens  nanoseconds 
duration  and  several  tens  kilovolt  amplitude)  is  applied,  then 
the  gun  will  generate  the  short  pulse  of  an  electron  beam.  If 
the  magnetic  field  is  less  than  its  value  at  which  return  of  the 
electrons  to  the  cathode  is  impossible  then  the  beam  current 
will  be  absent.  We  had  supposed  that  the  cause  of  the  beam 
current  generating  was  the  secondary  electron  emission.  Later 
the  investigation  confirmed  this  idea.  For  example,  long-pulse 
regime  (3000  ps)  had  been  obtained  [5].  Such  a  regime  is 
impossible  at  plasma  explosion  phenomenon  at  the  cathode.  In 
Tab.  1  it  is  shown  the  regimes  of  the  gun  operation  and  the 
parameters  of  the  beam.  Further  on  we  will  call  the  gun 


operating  in  the  regime  secondary  emission  a  secondary- 
emission  magnetron-injection  gun  (SEMIG). 

In  process  of  the  investigations  [6]  it  was  observed 
the  possibility  of  controlling  (switching)  SEMIG.  At  the  very 
small  but  quick  variation  of  the  gun  voltage  the  deep  pulse 
modulation  of  the  beam  with  the  modulation  frequency  about 
200  MHz  and  the  pulse  duration  1  ns  was  noted.  The  pulse 
current  reached  12  A  at  60  kV  voltage.  More  smooth  variation 
of  the  gun  voltage  did  not  cause  the  beam  modulation  and  the 
current  behaved  in  accordance  with  the  C-V  law  (see  Fig.  2). 


Figure  2:  Current- Voltage  (C-V)  performances  of  SEMIG  at 
0.135  T  magnetic  induction.  The  transparent  squares  are  the 
experimental  points ,  and  the  shaded  squares  are  corresponded 
to  the  approximation  using  the  quadratic  parabola  [3]. 

The  full  control  effect  is  reached  by  possibility  to 
drive  the  energy  of  back  electron  bombardment  and  then  the 
control  of  the  secondary  emission  is  acquired,  too. 

SEMIG  was  also  tested  as  the  injector  for  the 
resonance  linac  of  S-band  (3  GHz)  [4].  The  gun  was  located 
near  RF-buncher  so  that  RF-field  could  influence  the  gun 
work.  In  the  case  of  the  RF-field  absence,  it  was  obtained  and 
accelerated  the  short  electron  pulses  with  20  ns  duration  and 
0.5  A  current  at  20  A  current  from  the  gun.  Presence  of  RF- 
power  in  the  buncher  allowed  to  generate  the  more  lengthy 
beam  pulse  up  to  1  ps  with  20  mA  accelerated  current  at  1  A 
current  from  the  gun.  Such  regime  was  observed  in  narrow 
interval  of  the  magnetic  fields  corresponding  the  frequency  of 
electron  cyclotron  resonance.  It  should  be  noted  that  the  low 
acceptance  of  particles  in  acceleration  was  because  of  the 
insufficient  voltage  on  the  gun. 
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Table  1.  SEMIG's  experimental  regimes  of  operation. 


Cathode  material 

Gun 

voltage 

kV 

Beam 

current 

A 

Current 

density 

A/cm^ 

Beam 

diameter 

mm 

Pulse 

duration 

US 

Repetition 

rate 

Hz 

Magnetic 

induction 

T 

Pub.  year, 
[ref.] 

Copper 

68 

12 

20 

9 

0.01 

single 

0.19 

1991  [2] 

Copper 

48 

8 

10 

8 

1.3 

single 

0.14 

1992  [3] 

Copper 

20,  (1.0) 

0.02,  (1.0) 

50,  (50) 

1993  [4] 

Stainless-steel 

IOh-150 

0.005-f65 

0.4-3000 

3-50 

...^.29 

1994  [5] 

the  metallic  connection  loading  at  bombarding  electron 
IL  METHOD  OF  CALCULATION  energies  sufficient  for  secondary-emission  to  occur  [10]. 


On  the  base  of  the  scale  method  of  modeling  for 
magnetron  gun  with  cylindrical  electrodes  [7],  it  was  derived 
the  following  relationships  of  beam  current  7  and  beam 
diameter  depend  of  diameters  of  cathode  ,  anode  , 
magnetic  field  B  and  gun  voltage  U: 


/  =  Ci 


Du  =  O 


U 


^  B^D^ln(Da/  D^) 


(1) 

(2) 


Cj  C2  are  constants  extracted  from  experimental  data  and 
depending  on  emission  properties  of  cathode  materials  used. 

As  shown  in  Fig.  2,  the  experimental  current-voltage 
characteristic  corresponds  to  the  formula  (1)  quite  accurately. 
The  preliminary  estimates  showed  that  the  beam  current 
dependence  on  the  magnetic  field  corresponds  to  the  formula 
(1)  qualitatively.  That  way,  it  is  possible  to  calculate  the  gun 
parameters  at  not  very  distinctive  values  of  the  magnetic  field. 
It  should  be  marked,  with  increasing  of  the  magnetic  field  the 
measured  beam  current  was  more  then  calculated  by  (1). 


III.  ADVANTAGE  OF  SEMIG 


After  applying  of  full  voltage  to  SEMIG  the  speed 
excitation  of  secondary-emission  current  allows  to  produce  a 
very  short  beam  pulse  directly  from  the  gun.  Apart  from  that, 
out  estimates  indicated  that  secondary  emission  from  pure 
metal  may  provide  higher  current  densities  then  those  in 
thermionic  or  photo-emissions  at  the  same  energy  inputs.  This 
observation  gives  hope  for  production  of  high  current  densities 
that  are  otherwise  precluded  by  cathode  destruction  from 
evaporation  or  pulsed  heating  [8].To  date,  secondary-emission 
current  density  more  than  50  A/cm^  already  produced  [9]. 
Associated  with  this  fact  is  the  principal  advantage  of 
secondary-emission  metallic  cathodes,  i.e.  their  long  life 
times,  exceeding  in  our  appraisal  100,000  hours.  The 
underlying  physical  reason  for  this  is  the  impossibility  of 
principle  of  occurrence  of  electron-stimulated  cathode 
material  desorption,  and,  accordingly,  its  destruction  in  case  of 


IV.  OUTLOOK  ON  APPLICATION  OF  SEMIG  IN 
HIGH  POWER  RF-SOURCES 

In  review  on  secondary  electron  emission  sources 

[1 1]  it  was  shown  the  SEMIG  had  the  best  beam  parameters  of 
current  density  and  total  current  among  secondary  emission 
guns.  In  the  review  the  secondary  emission  gun  was  consider 
as  an  alternative  of  the  thermionic  magnetron-injection  gun 

[12]  in  the  high  power  RF-source  project,  the  Immersed  Field 
Cluster  Klystron  [13].  As  shown  in  the  report  [7]  the 
application  of  SEMIG  may  be  solution  of  the  problem  of 
increasing  of  a  cathode  life  time. 

As  shown  above,  the  main  advantage  of  the  SEMIG 
in  comparison  with  a  traditional  thermionic  magnetron- 
injection  gun  is  a  possibility  to  obtain  high  current  density  as 
well  as  a  very  long  life  time  (above  100,000  hours)  of  a 
secondary  emission  metallic  cathode,  simultaneously.  Apart 
from  that,  insensibility  of  a  purely  metallic  cathode  (platinum) 
to  poisoning  and  to  atmospheric  air  allows  to  create  an 
accelerator  and  RF-source  with  common  vacuum  system,  that 
cuts  off  the  problem  of  an  exit  window. 

Magnetron  gun  is  already  employed  in  klystrons  and 
gyrotrons.  Such  devices  with  the  proposed  SEMIG  can  have 
the  all  above  advantages. 

Observed  current  modulation  may  be  the  base  for 
creation  of  high  power  electron  tubes  with  high  efficiency.  In 
relatively  low  frequency  band  it  may  be  a  prototype  of 
injectrons  and  klystrodes  and  for  shorter  waves  it  may  be  a 
klystron  or  gyrotron.  Injectrons  using  SEMIG  may  be  the  base 
for  creation  of  highly  efficient  high  voltage  pulse  modulators 
with  high  repetition  frequency. 
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A  10  MeV  high-charge  CW  electron  injector  test 
stand  has  been  designed  for  the  CEBAF  UV  PEL  driver 
accelerator.  It  consists  of  a  500  kV  DC  photocathode  gun, 
a  1500  MHz  room- temperature  buncher,  a  modified 
CEBAF  cryounit  (quarter  cryomodule)  with  an  SRF 
accelerating  gradient  of  ~10  MV/m,  two  solenoids  in  the 
500  kV  region  and  an  achromatic,  non-isochronous  injec¬ 
tion  transport  line  delivering  10  MeV  beam  to  the  driver 
accelerator.  Experimental  work  is  in  progress  toward 
establishing  design  system  performance. 

1.  INTRODUCTION 

Based  on  a  500  kV  DC  laser  gun  [1]  and  the  1500 
MHz  SRF  technologies  established  at  CEBAF,  a  10  MeV 
CW  high  charge  electron  injector  has  been  designed  and 
is  being  built  for  a  recirculating,  200  MeV  SRF  accelera¬ 
tor  [2]  which  will  drive  kW-level  industrial  UV/IR  FELs 
[3].  The  design  approach  we  have  adopted  is  shown  sche¬ 
matically  in  Fig.  1.  It  is  composed  of  a  DC  laser  gun,  a 
1500  MHz  room-temperature  buncher,  two  solenoids,  a 
cryounit  containing  two  CEBAF  SRF  cavities,  and  an 
injection  line  consisting  of  a  “zoom”  lens  (4  quads)  and  a 
3-magnet  achromatic,  non-isochronous  bending  system. 
The  injection  line  design  is  discussed  elsewhere  [4]. 


Fig.  1  Block  diagram  of  the  CEBAF  FEE  injector. 

The  design  goal  is  to  achieve  the  smallest  practical 
transverse  and  longitudinal  beam  emittances  at  the  end  of 
the  injector  with  a  135  pC  charge/bunch.  Electrons  origi¬ 
nate  from  a  GaAs  photocathode  illuminated  by  a  train  of 
60  ps  (4a)  laser  pulses.  The  design  was  carried  out 
through  extensive  space-charge-dominated  beam  dynam¬ 
ics  calculations  consistently  from  the  cathode  to  the 
entrance  of  the  accelerator  using  a  point-by-point  space 
charge  algorithm  [5].  The  modeling  results  show  that  this 
injector  should  be  an  excellent  high-brightness  source  for 
an  PEL,  and  that  the  requirements  listed  in  Table  1  may 
be  met.  The  details  of  the  system  components  and  perfor¬ 
mance  modeling  will  be  presented  in  the  following  sec¬ 


tions. 


Table  1  Requirements  on  the  CEBAF  FEE  injector 


Beam  parameters 

Requirements 

Momentum  (p) 

10  MeV/c 

Charge/bunch  (Q) 

135  pC 

Repetition  rate  (fp) 

37.43  MHz 

Average  current  (I) 

5  mA 

Tran.  norm,  emittance  (Snrms) 

8  n  mm  mrad 

Eongitudinal  emittance  (e^f^is) 

20  n  keV-deg 

Bunch  length  (a^) 

1.5  ps 

Matching  conditions  (P;/Py,  dJOy) 

30/30  m,  0/0 

IL  HARDWARE  COMPONENTS 

The  performance  of  the  500  kV  photoemission  gun 
is  the  most  technically  challenging  aspect  of  this  injector. 
The  gun  design  is  based  on  experience  from  photoemis¬ 
sion  gun  studies  at  SEAC  [6]  and  the  University  of  Illi¬ 
nois  [7].  The  gun  electrode  structure  permits  the  electric 
field  at  the  photocathode  to  be  varied  between  6  MV/m 
and  10  MV/m  at  a  constant  gun  voltage  of  500  kV,  and 
can  be  high  voltage  processed  to  approximately  600  kV 
with  the  available  equipment.  The  gun  is  being  assembled 
in  the  Test  Eab  where  the  original  CEBAF  injector  was 
successfully  developed. 

Operation  of  the  gun  will  involve  activating  a  GaAs 
negative  electron  affinity  (NEA)  photocathode  in  the  gun 
structure  proper.  This  activation  requires  the  application 
of  cesium  to  the  cathode.  If  this  cesium  application  cre¬ 
ates  difficulties  in  maintaining  the  cathode  field  strength, 
we  will  either  fabricate  the  cathode  outside  the  gun  struc¬ 
ture,  and  transfer  it  to  its  operating  position  through  a 
load  lock  system,  or  improve  the  high-field  performance 
of  the  cathode  electrode  by  appropriate  surface  treatment. 

Ions  formed  in  the  immediate  vicinity  of  the  photo¬ 
cathode  are  accelerated  back  to  the  cathode,  and  can 
cause  loss  of  quantum  efficiency  through  either  sputtering 
or  damage  to  the  cathode  material.  This  problem  is  reduced 
by  minimizing  the  vacuum  pressure  in  the  vicinity  of  the 
cathode.  The  vacuum  in  the  cathode  area  will  be  estab¬ 
lished  by  non-evaporable  getters  located  in  the  immediate 
vicinity  of  the  cathode. 

The  photocathode  will  be  illuminated  by  a  commer¬ 
cially  available  CW  mode-locked  NdiYEF  laser  [8].  The 
fundamental  laser  light  is  frequency-doubled  to  527  nm  in 
an  EBO  crystal.  The  laser  provides  over  5  W  at  527  nm  in  a 
mode-locked  pulse  train  at  74.85  MHz.  The  repetition  rate 
will  be  halved  electro-optically  to  provide  a  37.425  MHz 
pulse  train  to  the  photoemission  gun.  The  2.5  W  of  useful 
laser  light  will  support  the  required  5  mA  average  current 
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for  cathodes  with  quantum  efficiencies  greater  than  1%, 
assuming  losses  of  no  more  than  50%  in  the  optical  chop¬ 
ping  and  transport  systems.  Typical  GaAs  photoemission 
cathode  quantum  efficiencies  are  an  order  of  magnitude 
greater  than  this  at  527  nm  wavelength,  providing  a  reason¬ 
able  operating  margin. 

The  two  identical  solenoids  are  being  fabricated.  The 
design  v/as  carried  out  using  POISSON/PARMELA.  The 
spherical  aberration  from  these  lenses  is  negligible.  The 
first  solenoid  has  been  placed  close  to  the  anode  to  control 
the  divergent  beam  out  of  the  gun.  It  is  water-cooled  to  pre¬ 
vent  heat  conduction  to  the  gun.  Each  lens  may  be  operated 
a  factor  of  2  stronger  than  the  nominal  design  requirement. 

The  1500  MHz  buncher  and  its  associated  RF  power 
and  control  system  are  under  development.  The  single  cell 
buncher  cavity  is  similar  to  the  fourth  cell  of  the  CEBAF 
capture  section,  but  has  a  larger  inner-bore  diameter  for  the 
larger  beam  at  this  location  [9]. 

The  two  cryounit  cavities  must  provide  ~10  MV/m  at 
Qo  of  5x1 0^,  both  values  twice  the  original  CEBAF  cavity 
specification.  The  cavities  are  modified  to  handle  the  HOM 
(high  order  mode)  heating,  and  the  increased  RF  power 
needed  to  accelerate  the  high  average  current  beam.  In  the 
injector,  each  of  the  four  HOM  load  absorbs  7.5  W  of 
power,  sixty  times  that  of  CEBAF.  This  power  is  dissipated 
in  the  50  K  thermal  shield  rather  than  the  2  K  helium  bath. 
RF  shielding  is  added  to  the  stainless  steel  bellows  and  gate 
valves  in  the  cryounit  to  minimize  beam  impedance  and 
heating  effects.  Since  the  RF  power  needed  in  the  injector 
is  fourteen  times  that  of  CEBAF,  the  CEBAF  style  polyeth¬ 
ylene  warm  RF  vacuum  window  is  replaced  with  a  ceramic 
window. 

III.  PERFORMANCE  MODELING 

Numerical  calculations  were  needed  for:  (1)  the 
design  of  some  system  components  like  the  solenoids  and 
the  injection  line  magnets;  (2)  the  determination  of  the 
optimal  element-to-element  distances  in  the  system;  and 
(3)  the  prediction  of  the  system  performance.  An  appropri¬ 
ate  space  charge  algorithm  was  required  for  all  these  tasks. 

PARMELA  was  the  skeleton  code  we  used  for  overall 
beam  dynamics  calculations  with  space  charge  included 
consistently  from  the  cathode  to  the  end  of  the  injector.  The 
electric  and  magnetic  field  data  were  provided  by  other 
auxiliary  codes.  The  fields  in  the  gun  and  in  the  solenoids 
were  calculated  using  POISSON,  which  ensured  that  the 
field  aberrations  were  included.  Mafia  was  used  for  calcu¬ 
lating  the  3-D  electromagnetic  fields  in  the  SRF  cavities 
[10].  The  skew  quad  effect  and  steering  effect  were  thus 
included.  The  injection  line  was  designed  using  DIMAD 
and  PARMELA  from  a  large  number  of  iterations  between 
zero-charge  and  full-charge  runs. 

A  point-by-point  space  charge  algorithm  [5]  has  been 
used  in  designing  this  injector.  It  is  time-consuming  but 
does  not  assume  cylindrical  symmetry  for  the  beam.  How¬ 
ever,  for  this  algorithm,  it  is  crucial  to  choose  properly  the 
particle  size  factor.  This  concept  simply  comes  from  the 
fact  that  when  two  macroparticles  overlap,  the  charge  car¬ 
ried  with  the  source  particle  must  be  reduced  to  account  for 
the  shielding  effect.  A  too  small  particle  size  factor  may 
result  in  significant  noise  in  numerically  calculating  the 


space  charge  fields  of  a  beam  [11].  This  numerical  noise 
may  cause  artificial  emittance  growth,  and  must  be  elimi¬ 
nated  to  obtain  a  more  reliable  system  layout  and  a  more 
accurate  prediction  of  the  system  performance.  To  size  the 
macroparticles  properly,  the  algorithm  was  bench-marked 
against  ISIS  [12]  and  MASK  [13].  The  details  of  bench¬ 
marking  will  be  published  elsewhere  [14]. 

The  simulated  performance  of  this  injector  is  given  in 
Table  2.  As  is  seen,  both  transverse  and  longitudinal  emit- 
tances  are  within  the  requirements  by  a  factor  of  nearly  2. 
The  simulated  rms  bunch  length  of  0.5  ps  is  within  the 
requirement  by  a  factor  of  3.  This  0.5  ps  is  the  space- 
charge-limited  minimum  bunch  length  with  perfect  axial 
matching  [15,  16].  One  can  trade  bunch  length  for  energy 
spread  within  at  least  a  factor  of  2  by  adjusting  the  degree 
of  axial  matching  into  the  bending  system,  while  keeping 
both  the  transverse  and  longitudinal  emittances  approxi¬ 
mately  constant. 


Table  2  Simulated  injector  performance 


Beam  parameters 

Sim. 

Req. 

Units 

Momentum 

10 

10 

MeV/c 

Charge/bunch 

135 

135 

pc 

Tran.  norm,  rms  emit. 

4.4 

8 

n  mm  mrad 

Longitudinal  rms  emit. 

11 

20 

n  keV-deg 

Bunch  length  (rms) 

0.5 

1.5 

ps 

The  simulated  performance  in  Table  2  was  obtained 
with  8000  macroparticles,  and  with  space  charge  included 
through  the  entire  system  from  the  cathode  to  the  end  of  the 
injector.  The  following  initial  beam  parameters  were  used: 
gun  voltage  Vq  =  500  kV,  DC  field  gradient  at  the  cathode 
Eq  =  10  MV/m,  laser  spot  size  do  =  2  mm  (diameter,  4a^)  at 
the  cathode,  laser  pulse  length  At  =  90  ps  (60^);  the  thermal 
energy  distribution  of  the  electrons  emitted  at  the  cathode 
was  assumed  to  be  Gaussian  with  a  mean  kinetic  energy  of 
Tg  =  0.3  eV  and  an  rms  energy  spread  of  =  0.1  eV.  Sys¬ 
tem  sensitivity  studies  and  alternative  operating  point  stud¬ 
ies  were  conducted  as  well;  see  [17]  for  the  details. 

IV.  EMITTANCE  GROWTH 

Emittance  growth  is  one  of  the  major  concerns  with 
this  design.  To  obtain  the  best  emittance  performance  for 
this  injector  with  all  the  other  requirements  satisfied,  a  pre¬ 
scription  of  minimizing  the  number  of  crossovers  (very 
sm^l  beam  waists)  along  the  system  has  been  adopted.  It  is 
obvious  that  wherever  a  crossover  occurs,  more  thermal 
energy  will  be  introduced  in  the  beam  due  to  Coulomb 
interactions,  and  beam  emittance  will  increase.  The  beam 
phase  space  distributions  may  bifurcate  after  a  crossover 
[13,  18],  causing  additional  emittance  growth.  With  our 
prescription,  the  emittance  growth  from  the  gun  anode  to 
the  end  of  the  injector  has  been  minimized  to  2  7C  mm  mrad 
for  the  transverse  normalized  rms  emittance  and  4  n  keV- 
deg  for  the  longitudinal  rms  emittance. 

In  Fig.  2,  we  show  the  evolution  of  various  beam 
properties  along  the  system  from  the  gun  anode  to  the 
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entrance  of  the  accelerator.  The  simulations  started  from 
the  cathode  with  the  initial  beam  parameters  described  in 
the  previous  section,  and  continued  through  the  gun,  the 
buncher,  the  cryounit  and  the  injection  beam  line  to  the 
entrance  of  the  accelerator.  With  those  parameters,  the  ini¬ 
tial  transverse  normalized  rms  thermal  emittance  at  the 
cathode  is  0.5  n  mm  mrad.  Over  the  9-cm  distance  from  the 
cathode  to  the  gun  anode,  the  emittance  increases  from  0.5 
to  2.3  n  mm  mrad,  as  shown  in  Fig.  2,  with  the  beam  being 
accelerated  to  500  kV.  The  beam  is  strongly  divergent 
before  being  focussed  by  the  first  solenoid  located  24  cm 
from  the  cathode.  In  this  region,  a  crossover  or  electrons 
trajectory  crossing  occurs. 


Gun  Buncher  Cryounit  Dipoles  #1-3 


4at(ps)  65  77  18  7.6  7.6  2 


(a):  Tcmm  mrad;  (b):  TrkeV-deg 

Fig.  2  Beam  property  evolution  along  the  system 

The  beam  is  collimated  between  the  two  solenoids.  To 
match  the  beam  into  the  cryounit,  suitable  beam  conditions 
must  be  set  up  prior  to  the  cryounit.  This  requires  appropri¬ 
ate  beam  dimensions  and  correlations  in  both  transverse 
and  longitudinal  phase  spaces.  On  the  other  hand,  to  avoid 
emittance  growth  due  to  various  nonlinear  RF  field  effects, 
the  beam  must  be  three-dimensionally  compressed  into  a 
small  size  prior  to  the  cryounit.  In  this  region,  the  repulsive 
space  charge  fields  significantly  counteract  the  compres¬ 
sion  under  the  external  forces  from  the  second  solenoid  and 
the  buncher.  The  second  crossover  occurs  between  the 
buncher  and  the  cryounit.  As  a  result,  the  emittance 
increases  from  2.6  to  3.7  n  mm  mrad  with  the  beam  being 
accelerated  to  ~  10  MeV  at  the  exit  of  the  cryounit.  As  the 
beam  moves  through  the  3 -magnet  bending  system,  the 
emittance  further  increases  to  4.4  7C  mm  mrad  at  the  end  of 
the  injector  due  to  space-charge-induced  momentum  varia¬ 
tions  [4,  19]. 

V.  A  PARAMETRIC  COMPARISON 

We  complete  this  paper  with  a  parametric  comparison 
of  our  design  with  two  other  DC  laser  guns  in  Table  3.  The 
symbols  in  the  first  column  represent  the  gun  voltage,  DC 
field  at  the  cathode,  charge/bunch,  diameter  of  the  cathode, 
diameter  of  the  laser  spot  on  the  cathode,  rms  laser  pulse 
length,  repetition  rate,  and  average  current.  The  CEBAF 
design  is  characterized  by  high  voltage,  short  laser  pulse 
length,  moderate  charge/bunch,  and  high  average  current. 
The  SLAC  design  [20]  is  characterized  by  extremely  high 
charge,  low  voltage,  and  very  long  laser  pulse  length.  The 
design  from  Ref.  [21]  is  characterized  by  low  average  cur¬ 
rent,  moderate  pulse  length,  moderate  charge/bunch  and 
low  gun  voltage. 


Table  3  Parametric  comparison  for  DC  laser  guns 


CEBAF 

SLAC 

Ref.  [21] 

Units 

Vo 

400-500 

120 

30-60 

kV 

Eo 

6-10 

1.8 

15 

MV/m 

Q 

0.07  -  0.2 

16 

0.02  -  0.6 

nC 

^cath 

25 

14 

unknown 

mm 

^emit 

2-6 

14 

2 

mm 

15 

500 

38 

ps 

f 

^rep 

37  MHz 

120  Hz 

10  Hz 

- 

I 

5  mA 

4|aA 

0.2  -  6  nA* 

- 

*  The  design  average  DC  current  is  5  A  in  Ref.  [21]. 


We  plan  to  complete  the  gun  performance  character¬ 
ization  by  the  end  of  this  year.  This  will  provide  the  foun¬ 
dation  for  us  to  develop  the  full  injector  and  also  reveal 
interesting  space  charge  beam  physics  in  our  particular 
parameter  regime. 

We  should  note  that  this  design  may  have  other  appli¬ 
cations  besides  an  FEL  driver.  One  possibility  worth  study¬ 
ing  is  use  as  a  source  for  polarized  electrons  for  a  linear 
collider,  though  the  design  would  have  to  be  scaled  to 
higher  charge. 

We  wish  to  thank  B.  Carlsten  and  T.  Raubenheimer 
for  discussions.  This  work  was  supported  by  the  Virginia 
Center  for  Innovative  Technology  and  DOE  Contract  # 
DE-AC05-84ER40150. 
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Abstract 

The  CANDELA  photo-injector  is  a  two  cell  S-band  photo¬ 
injector.  The  dispenser  photocathode  is  illuminated  by  a  500  fs 
pulse  from  a  frequency-tripled  Tirsapphire  laser.  In  this  paper 
we  report  charge  measurements  showing  that  the  dispenser  pho¬ 
tocathode  has  a  quantum  efficiency  as  high  as  10~^.  This  effi¬ 
ciency  decreases  with  a  lifetime  of  12  hours,  but  can  be  recov¬ 
ered  by  heating  the  cathode  during  5  minutes. 

L  INTRODUCTION 

The  CANDELA  photo-injector  is  an  RF  gun  made  of  two  de¬ 
coupled  3  GHz  cells  [1],  [2],  [3],  [4].  The  laser  system  used  to  il¬ 
luminate  the  photocathode  is  a  Tiisapphire  laser  designed  by  the 
'Tnstitut  d’Optique  Theorique  et  Appliquee”  at  Orsay  [5].  CAN¬ 
DELA  was  first  operated  at  the  end  of  1993  [6],  with  a  copper 
photocathode.  A  maximum  charge  of  0. 1 1  nC  was  extracted  cor¬ 
responding  to  an  effective  quantum  efficiency  of  5  x  10~®.  For 
laser  fluences  larger  than  1  GW/cm^ ,  very  high  charge  can  be 
produced  (up  to  35  nC),  but  in  this  case  the  pulse  length  is  in¬ 
creased  to  50  ns  [7].  Since  this  ’’intense  emission”  process  lim¬ 
its  the  maximum  charge  that  can  be  obtained  in  the  normal  pho¬ 
toemission  regime,  we  replaced  the  copper  photocathode  by  a 
dispenser  cathode  that  has  a  quantum  efficiency  more  than  100 
times  better  [8].  This  paper  presents  the  first  results  obtained 
with  this  cathode. 

11.  CATHODE  CONDITIONING 

The  dispenser  cathode  (S-type)  is  normally 
used  as  a  thermionic  cathode  in  klystrons  and  electron  guns  for 
linear  accelerators.  The  cathode  we  are  using  has  a  non-standard 
diameter  of  9.2  mm,  and  was  fabricated  for  us  by  THOMSON 
TTE  (Velizy),  according  to  their  standard  fabrication  procedure. 
The  cathode  consists  of  a  porous  tungsten  matrix  impregnated 
with  barium  calcium  aluminate  (4  BaO,  1  CaO,  1  AI2O3).  This 
W  matrix  is  heated  via  a  filament.  A  thin  molybdenum  jacket  is 
used  to  diminish  heat  losses  (see  figure  1). 

The  details  of  the  cathode  mounting  in  the  gun  cavity  have  al¬ 
ready  been  reported  [3].  The  RF  contact  is  made  via  a  tungsten 
spring.  In  order  to  keep  the  required  cathode  heating  power  at  a 
reasonable  level,  the  part  of  the  cavity  in  contact  with  the  spring, 

*Work  supported  by  EN2P3  and  ULTIMATECH  under  contract  number 
90N89/00I8 


Figure.  1 .  Schematic  of  the  cavity  with  dispenser  cathode 


is  made  of  stainless  steel  which  has  a  low  thermal  conductivity 
(see  fig.  1). 

The  cathode  first  needs  to  be  conditioned  to  1200^C,  in  order 
to  break  the  alumina  and  oxides  molecules,  so  that  free  atoms 
of  Ba  and  Ca  can  diffuse  to  the  surface.  During  this  condition¬ 
ing,  one  has  to  maintain  a  vacuum  pressure  not  higher  than  lO”® 
mbar.  But  since  the  outgassing  is  quite  significant  during  this 
procedure,  it  can  not  be  done  inside  the  gun  due  to  the  limited 
pumping  speed.  However,  since  it  was  shown  before  that  this 
cathode  could  sustain  exposure  to  air  without  losses  in  photoe- 
missive  properties  [8],  the  conditioning  is  made  in  a  specific  vac¬ 
uum  chamber,  with  a  pumping  speed  of  400 1/s.  After  condition¬ 
ing,  which  lasts  for  about  5  hours,  the  cathode  is  installed  in  the 
gun.  This  latter  operation  takes  around  one  hour. 

After  the  cathode  installation,  the  gun  is  baked  out  at  150®C 
for  three  days.  Then,  the  cathode  should  be  slightly  recondi¬ 
tioned.  This  is  done  by  heating  it  to  1  lOO^C  for  5  minutes.  This 
corresponds  to  a  heating  power  of  56  W.  These  two  operations 
should  be  done  each  time  the  gun  and  cathode  have  to  be  exposed 
to  air. 

III.  LASER  AND  BEAMLINE 

The  laser  is  a  Tirsapphire  laser  described  in  reference  [5].  It 
produces  one  single  pulse  (at  12.5  Hz),  with  an  adjustable  dura¬ 
tion  from  150  fs  to  15  ps,  and  a  maximum  energy  of  200  //J  at 
260  nm. 

The  laser  synchronization  and  modelocking  starter  systems 
have  been  improved  since  the  description  given  in  reference  [5]. 
Originally,  the  starting  of  the  modelocking  and  the  synchroniza- 
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Figure.  2.  Charge  vs.  laser/RF  phase 


Figure.  3.  Quantum  efficiency  of  dispenser  cathode 


tion  of  the  laser  frequency  with  the  RF  master  oscillator  were 
made  via  a  single  piezo-electric  transducer  on  which  one  of  the 
mirrors  of  the  laser  oscillator  cavity  was  mounted.  These  op¬ 
erating  conditions  were  not  very  comfortable,  since  very  often 
we  lost  the  modelocking  operation  while  trying  to  lock  the  laser 
to  the  RF  frequency.  To  improve  this  situation,  we  decoupled 
the  two  functions.  The  modelocking  starter  is  now  made  with 
a  pair  of  oscillating  Brewster  plates  [9].  The  synchronization  is 
still  achieved  via  a  piezo-electric  transducer  and  the  slow  ther¬ 
mal  drifts  are  compensated  by  a  translation  stage  driven  by  a  DC 
motor.  This  new  system  proved  very  efficient  and  reliable. 

The  beamline  including  the  beam  diagnostics  devices  is  de¬ 
scribed  in  reference  [7].  At  the  time  of  measurements  presented 
here,  the  first  wall  current  monitor  located  right  at  the  gun  exit 
was  not  available.  The  charge  measurements  reported  in  the  next 
sections  were  made  with  the  coaxial  Faraday  cup  situated  about 
1  m  downstream  of  the  gun,  and  an  integrator.  They  were  ob¬ 
tained  in  the  following  conditions: 

•  the  laser  pulse  length  is  set  to  the  sub-picosecond  regime 

•  the  laser  illuminates  the  cathode  with  a  54.5  degrees  angle 
with  respect  to  normal  incidence 

•  only  the  first  cell  of  the  gun  is  powered  with  1.06  MW, 
which  corresponds  to  a  peak  on  axis  field  of  68  MV/m  and 
a  cathode  field  of  50  MV/m 

•  the  relative  phase  between  laser  and  RF  is  chosen  to  opti¬ 
mize  the  extracted  charge.  The  typical  dependence  of  the 
charge  with  this  phase  is  shown  on  figure  2. 

IV.  QUANTUM  EFFICIENCY  AND  LIFETIME 

Figure  3  shows  the  measured  charge  as  a  function  of  the  laser 
energy  on  cathode.  The  slope  of  these  curves  gives  the  effec¬ 
tive  quantum  efficiency  (QE)  including  the  potential  losses  in  the 
beam  transport.  Two  different  curves  corresponding  to  two  dif¬ 
ferent  situations  are  shown.  The  lower  efficiency  curve  is  ob¬ 
tained  with  the  photocathode  at  room  temperature  after  several 
hours  spent  in  the  gun  at  a  residual  static  vacuum  pressure  bet¬ 
ter  that  10”^^  mbar  (afew  10“^  with  RF  on).  In  these  conditions 


the  efficiency  is  just  slightly  above  10“"^.  In  order  to  improve  the 
efficiency  by  almost  one  order  of  magnitude,  it  is  necessary  to  re¬ 
generate  the  cathode  prior  to  operation.  This  is  done  by  heating 
it  to  around  700® C,  during  five  minutes  (this  corresponds  to  25 
W  of  heating  power).  After  letting  the  cathode  cool  down  dur¬ 
ing  15  minutes,  it  is  ready  to  operate.  In  these  conditions,  the 
QE  almost  reaches  10“^,  which  is  better  than  any  pure  metallic 
cathode^ .  Due  to  the  pollution  caused  by  the  residual  gas,  the 
QE  then  drops  with  time.  If  the  lifetime  is  defined  as  usual  as 
the  time  necessary  to  decrease  the  QE  by  a  factor  1/e,  the  cathode 
operated  at  cavity  temperature  (3 1  ®  C),  has  a  lifetime  of  only  two 
hours.  However,  the  lifetime  is  improved  drastically  by  slightly 
heating  the  cathode  during  operation.  The  temperature  should  of 
course  stays  below  the  thermoemission  threshold.  In  our  case  we 
use  6  W  of  heating  power.  Under  these  conditions,  the  lifetime 
is  increased  to  more  than  12  hours.  At  any  time  one  can  recover 
the  original  QE  by  regenerating  the  cathode  according  to  the  pro¬ 
cedure  described  above. 

V.  SATURATION 

The  charge  that  can  be  extracted  from  the  photocathode  is  lim¬ 
ited  by  space  charge  effects.  When  the  charge  increases,  the  self 
field  of  the  bunch  can  balance  the  accelerating  field,  so  that  no 
more  charge  can  be  extracted.  Since  the  laser  transverse  profile  is 
not  uniform,  but  closer  to  Gaussian,  the  charge  reaches  the  limit 
in  the  center  of  the  cathode  first.  As  explained  by  Hartman  et  al. 
[10],  the  charge  can  still  be  increased  till  the  limit  is  reached  also 
on  the  edge.  See  figure  4  for  the  results  corresponding  to  the  dis¬ 
penser  cathode  with  and  without  regeneration. 

During  these  experiments,  we  did  not  have  any  camera  to 
monitor  the  laser  transverse  profile.  However,  by  fitting  the  ex¬ 
perimental  data  of  figure  4  with  the  theoretical  model  of  the  sat¬ 
uration  effect  as  described  in  reference  [10],  it  is  possible  to  in¬ 
fer  the  spot  size.  Figure  4  shows  the  result  of  this  fit  assuming  a 
laser  profile  with  a  gaussian  distribution  truncated  at  ±3  cr. 

^  Magnesium  for  example  has  an  efficiency  of  5  x  1 0""^  [  1 1  ] 
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Figure.  4,  Charge  saturation 


VL  FUTURE  PROSPECTS 

In  the  near  future,  the  other  parameters  of  the  beam  will  be 
measured,  especially  the  pulse  length  and  emittance.  The  pulse 
length  will  be  measured  by  observing,  with  a  streak  camera  (res¬ 
olution  <  2  ps),  the  Cerenkov  light  produced  by  a  300  //m  thick 
sapphire.  The  emittance  will  be  measured  both  with  the  three 
gradient  method  and  with  the  ”pepper-pot”  method. 

VIL  CONCLUSION 

This  paper  has  described  the  first  use  of  a  dispenser  photo¬ 
cathode  in  a  S-band  RF  gun.  It  is  shown  that  this  type  of  cath¬ 
ode  when  properly  conditioned  and  operated,  has  a  quantum  ef¬ 
ficiency  of  0. 1  %,  which  is  better  than  that  of  pure  metallic  cath¬ 
odes.  The  lifetime  of  this  cathode  is  larger  than  12  hours,  and  the 
original  quantum  efficiency  can  be  recovered  in  20  minutes,  by 
heating.  A  total  charge  of  1.8  nC  was  measured,  only  limited  by 
saturation  effects  due  to  the  relatively  small  spot  size. 
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Abstract 

A  research  and  development  effort  has  been  underway  to  realize 
a  high-brightness,  low-emittancerfphotoinjector  to  produce  1  to 
3  nC  bunch  of  photoelectrons  at  an  energy  of  up  to  20  MeV  with 
a  normalized  rms  emittance  of  10  tt  mm-mrad  or  less.  It  con¬ 
sists  of  a  half  cell  at  the  photocathode  and  seven  full  cells,  oper¬ 
ating  in  2856  MHz,  7r-mode,  standing  wave.  Numerical  calcu¬ 
lations  with  POISSON/SUPERFISH  and  PARMELA  codes  in¬ 
dicate  that  the  design  goal  can  be  achieved  within  realistic  con¬ 
straints  on  mechanical  device  tolerances  and  rf  source  availabil¬ 
ity.  The  latest  among  the  series  of  numerical  models  is  somewhat 
similar  to  the  SLAC  type  accelerator  in  geometric  dimensions, 
although  the  device  characteristics  are  vastly  different. 

I.  INTRODUCTION 

In  order  to  raise  the  gain  of  a  free-electron-laser  oscilla¬ 
tor/amplifier,  or  to  increase  the  luminosity  in  high-energy  parti¬ 
cle  colliders,  it  is  compelling  to  produce  a  low-emittance,  high¬ 
brightness  electron  beam.  Since  the  emittance  is  approximately 
an  invariant  in  a  drift  space,  it  must  be  kept  low  during  accel¬ 
eration,  especially  when  the  electrons  are  non-relativistic.  The 
BNL  type  1  ~ce\\  gun  has  a  dipole  mode  caused  by  the  side  cou¬ 
pling  of  rf  to  the  cells  which  gives  rise  to  emittance  growth.  The 
BNL/SLAC/UCLA  rf  gun  [1]  is  believed  to  improve  the  situa¬ 
tion  by  eliminating  the  asymmetry  at  the  first  cell  and  through 
higher  gradient  at  the  cathode.  The  energy  at  the  exit,  however, 
is  still  too  low  to  drive  even  an  infrared  EEL  so  that  one  needs 
to  append  a  linac,  standing  or  travelling  wave,  to  boost  the  en¬ 
ergy  at  the  cost  of  structural  complexity  and  added  expense.  The 
AFEL  [2]  of  LANL  is' a  compact  system  without  an  additional 
booster  linac,  and  it  is  a  complicated  structure.  Even  fabricating 
a  copy  of  it  will  be  quite  involved.  Therefore  it  is  desirable  to  de¬ 
sign  a  simple  system  that  meets  the  performance  requirements. 
The  design  reported  here  contends  to  be  such  a  device. 

IL  BOUNDARY  CONDITIONS 

Unlike  an  accelerator  with  open  boundaries  both  at  the  en¬ 
trance  and  the  exit,  an  injector  has  a  longitudinally  asymmetric 
boundary  condition.  The  field  balance  among  the  cells  can  be 
achieved  by  adding  a  half  cell  at  the  end  [3].  This  turns  out  to 
be  quite  artificial;  when  an  opening  of  adequate  size  is  made  for 
particle  exit,  the  broken  symmetry  forces  the  rf  power  to  accu¬ 
mulate  near  the  cathode  [4]  and  it  decays  out  as  one  moves  away 
from  it.  Similar  field  unbalance  can  be  seen  at  the  photoinjector 
of  the  APEX  [5]  system.  The  recipe  to  avoid  this  problem  is  as 
follows.  A  number  of  full  cells  are  connected  in  series  and  a  half 

*  Work  supported  by  the  U.  S.  Department  of  Energy,  under  Grant  DE-FG03- 
92ER-40493 


Overall  length 

42.0  cm 

Full  cell  length 

5.250  cm 

Cell  diameter 

8.2220  cm 

Last  cell  diameter 

8.2006  cm 

Iris  diameter 

2.400  cm 

Iris  radius  of  curvature 

0.3200  cm 

Disk  thickness 

0.6400  cm 

Tablet 

Geometric  dimensions  of  the  7 —cell  injector 


cell  is  added  at  either  end,  as  mentioned  above.  Adjust  the  inner 
radius  of  all  cells  by  the  same  amount  for  a  correct  resonance  fre¬ 
quency  and  mode  separation.  Take  one  full  cell  out.  This  has  an 
individual  resonance  frequency  fr,  different  from  that  of  the  as¬ 
sembly.  Prepare  a  full  cell  with  an  identical  aperture  to  others 
on  one  side,  but  with  a  long  drift,  which  serves  as  an  rf  choke  as 
well  as  a  beam  exit,  on  the  other.  Tune  the  frequency  of  this  cell 
to  fr  using  the  inner  diameter  as  a  control  knob.  Then  add  to  the 
rest  of  the  assembly.  A  fine  tuning  of  the  last  cell  must  be  done 
to  maintain  the  overall  resonance  frequency  and  field  balance. 

III.  SUPERFISH  RESULTS 

The  geometric  parameters  obtained  through  the  procedures 
described  above  are  shown  in  Table  I,  and  the  distribution  of  the 
accelerating  field  along  the  axis  is  shown  in  Fig  1.  With  the  di¬ 
mensions  shown  above  as  input,  the  SUPERFISH  code  [6]  pro¬ 
duced  the  field  distribution  inside  the  cavity  that  can  be  approx¬ 
imately  represented  by 

Ez{z)  =  EQsin{kz) 

where  the  axial  field  Eo=91  MV/m  at  r  =  0  for  the  input  power 
of  24  MW,  k  =  27r/o  /c  is  the  wavenumber  for  the  frequency 
/o  =2.856  GHz.  The  electrical  characteristics  of  the  design  is 
summarized  in  Table  II. 

IV.  CONSIDERATIONS  AT  HIGH  POWER 

The  disk  thickness  is  comparable  to  those  in  the  SLAC  trav¬ 
elling  wave  structure,  and  much  thinner  than  either  BNL  [7]  or 
Grumman/BNL  gun  [8]  disks.  The  latter,  a  3-1/2  cell  injector, 
has  water  channels  to  remove  the  dissipated  heat  from  the  disks 
at  high  duty  cycle.  The  present  design  has  the  surface  power  dis¬ 
sipation  of  about  3  kW/cm^  around  the  iris,  and  twice  as  much  at 
the  rest  of  the  disk.  This  rate  goes  up  to  15  kW/cm^  at  the  wall 
with  the  input  power  of  24  MW.  With  a  duty  cycle  low  enough, 
say  1 0  pulses  per  second,  cooling  and  tuning  by  temperature  con¬ 
trol  will  be  less  of  a  problem.  If  the  maximum  surface  field  is  too 
high  at  the  operating  rf  power  level,  it  may  be  the  source  of  dark 
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Resonance  freq. 

2856  MHz 

Separation  to  next  mode 

1.3  MHz 

Cavity  Q,  unloaded 

17,200 

Transit  time  factor 

0.737 

Effective  shunt  impedance 

45.3  Mfi/m 

Input  rf  power 

24  MW 

Accel,  field  at  cathode 

97  MV/m 

Max.  surface  field 

134  MV/m 

Table  n 

Summary  of  SUPERFISH  results  for  the  device,  with  the 
driving  input  rf  power  of  24  MW 


Figure  1.  Magnitude  of  the  accelerating  field  in  MV/m  for  2^=0 
to  45cm.  The  full  scale  is  lOOMV/m,  and  the  last  cell  ends  at 
39cm. 

current,  or  it  may  cause  a  breakdown.  From  the  SUPERFISH  re¬ 
sult,  it  is  about  1 30  MV/m,  not  too  high  to  be  a  cause  for  concern. 
Another  factor  of  practical  importance  is  the  available  length  of 
the  high-power  rf  pulse.  The  fill  time  is,  in  the  case  of  a  standing- 
wave  structure,  tjui  -  where  Ql  is  the  loaded  Q.  If  the 

rf  power  is  critically  coupled,  Q/,  is  one  half  times  the  unloaded 
Q,  leading  to  a  fill  time  of  about  0.5  at  u) /27r=2.856  GHz. 

V.  PARTICLE  DYNAMICS 

With  a  photoelectron  bunch  of  a  few  nanoCoulombs  over  the 
bunch  length  of  a  few  picoseconds,  the  space-charge  forces  be¬ 
come  dominant  in  the  emittance  growth.  For  a  photoinjector, 
a  compensation  is  done  by  applying  a  solenoidal  focusing  field 
over  the  first  few  cells.  In  this  case  the  axial  field  is  nulled  out  at 
the  cathode  by  a  bucking  coil.  Although  this  method  was  shown 
to  be  effective,  it  is  not  a  part  of  the  injector.  It  can  be  added  on 
for  the  optimization  of  the  beam  characteristics.  The  phase  of  the 
rf  when  the  photoelectrons  are  emitted  is  an  important  parameter. 
Again,  it  can  be  experimentally  chosen  for  either  highest  parti¬ 
cle  energy  or  the  lowest  energy  spread.  Without  regard  to  these 
points,  the  PARMELA  code  was  used  for  the  purpose  of  demon¬ 
stration.  For  an  electron  bunch  of  3  nC,  2  mm  radius,  and  3.5  ps 
length,  2000  particles  were  followed  throughout  the  40  cm  long 
injector  followed  by  the  drift  space  of  60  centimeters.  At  about 
2r  =55  cm,  the  particle  losses  begin  to  occur  and  continues  to  the 
end,  where  about  80%  of  the  charge  is  left.  The  initiation  of  the 
particle  loss  is  accompanied  by  a  slight  increase  in  the  transverse 
rms  beam  size  and  a  sharp  decrease  in  normalized  emittance  in  x 
and  y.  At  the  injector  exit,  the  emittance  is  about  35  mm-mrad. 
It  increases  a  few  percent  over  a  10  cm  distance.  For  almost  lin- 


Figure  2.  Electron  momentum  in  MeV/c.  At  2r=  40cm, 
P^=23.5MeV/c 


Figure  3.  Charge  in  nC  of  the  photoelectron  bunch  for  2r=0  to 
100  cm.  At  2r=100  cm,  about  80%  of  the  original  charge  of  3nC 
is  retained. 

ear  increase  in  beam  size  by  a  small  fraction  and  about  same  rate 
of  particle  loss,  the  emittance  is  lowered  by  more  than  factor  of 
five.  This  seems  to  indicate  that  the  largest  contribution  in  emit¬ 
tance  is  from  those  uncorrelated  in  phase  space.  Nevertheless, 
the  rest  of  the  bunch  propagates  along  the  drift  space  with  most 
of  the  charge  still  retained.  The  energy  spread  is  on  the  order  of 
a  few  percent  in  the  acceleration  period.  At  the  exit,  it  is  about 
0.3%,  and  at  the  end  of  the  simulation,  it  is  lowered  to  0.12%. 
The  final  momentum  of  the  beam  was  23.5  MeV/c.  During  the 
drift  the  bunch  length  was  shortened  to  the  final  value  of  2  ps 
whereas  it  was  a  steady  3.6  ps  during  the  acceleration  phase.  The 
plots  of  these  parameters  are  shown  in  Figs  2  through  7. 

VI.  COUPLING  AND  OTHER  ASPECTS 

In  principle,  the  rf  power  may  be  introduced  into  the  cavity  in 
many  ways.  The  BNL  gun  employs  magnetic  coupling  to  sup¬ 
press  a  zero-mode  by  driving  both  cells,  whereas  the  new  design 
calls  for  the  full-cell  drive  to  minimize  the  dipole-mode  effect. 
The  same  rationale  may  be  applied  for  the  7-1/2  cell  structure. 


Figure  4.  Transverse  sizes  of  the  bunch  x^.^^  and 
yrms  in  cm.  At  >^=lm,  they  are  bout  0.4  cm. 
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Figure  6.  The  bunch  length  in  picoseconds. 
At  2r=lm,  it  is  about  2  ps. 


feeding  the  power  through  the  last  cell.  In  fact,  a  study  was  re¬ 
ported  on  driving  a  five-cell  superconducting  cavity  [9]  from  the 
downstream  end  of  the  structure.  Whether  electric  coupling  is 
better  than  magnetic  coupling  has  to  be  resolved  during  the  cold 
test. 


VII.  CONCLUSION 

Based  on  the  wave  studies  and  particle  simulations,  an  alu¬ 
minum  model  has  been  made.  Aside  from  the  measurements  of 
the  field  structure  through  a  bead  pull  method  [10],  there  are  a 
series  of  low -power  tests  possible.  This  series  includes  scatter¬ 
ing  parameter  measurements  in  the  steady  state,  and  transient¬ 
coupling  studies  with  pulsed  low  power  at  about  1  watt.  Higher- 
order-mode  outcoupling  needs  to  be  investigated  if  more  than 
one  microbunch  is  desired  in  every  macropulse.  While  progress 
is  still  being  made  in  the  search  for  reliable  photocathode  ma¬ 
terials  with  high  quantum  efficiency,  it  is  equally  important  to 
explore  an  injector  that  is  simple  to  manufacture,  and  which  has 
high  shunt  impedance  with  lower  content  of  unwanted  modes. 


Figure  7.  The  energy  spread  in  %.  At  z^lm,  it  is  0.12%. 
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Abstract 

A  frequency  scaling  law  for  RF  guns  is  deii  '  xl  from  the  nor¬ 
malized  Ylasov-Maxwell  equations.  It  shows  that  higher  fre¬ 
quency  RF  guns  can  generate  higher  brightness  beams  under 
the  assumption  that  the  accelerating  gradient  and  all  beam  and 
structure  parameters  are  scaled  with  the  RF  frequency.  Numer¬ 
ical  simulation  results  using  MAGIC  confirm  the  scaling  law. 
The  scaling  of  wakefield  is  discussed.  A  discussion  of  the  range 
of  applicability  of  the  law  is  presented. 

1.  INTRODUCTION 

The  brightness  achieved  by  conventional  DC  guns  followed 
by  RF  bunchers  may  not  meet  the  stringent  requirements  of  fu¬ 
ture  high-energy  linear  colliders  and  free  electron  lasers.  This 
has  motivated  research  on  high  brightness  photocathode  RF 
guns  [1].  The  frequencies  of  operational  systems  range  from 
500MHz  to  3GHz,  and  a  17GHz  gun  [2]  is  to  be  tested  shortly. 
In  this  paper  we  examine  the  frequency  scaling  of  RF  guns.  Our 
analysis  is  based  on  the  Vlasov-Maxwell  equations.  By  defin¬ 
ing  coordinates  normalized  with  the  RF  frequency,  all  the  fre¬ 
quency  dependencies  are  absorbed  into  two  parameters:  , 

which  characterizes  the  accelerating  gradient,  and  which 
characterizes  the  space-charge  force.  The  resultant  dimension¬ 
less  Vlasov-Maxwell  equations  have  the  same  solution  for  any 
frequency  as  long  as  ^  and  the  functional  form  of  the  ini¬ 
tial  distribution  in  phase  space  are  fixed.  This  gives  a  frequency 
scaling  which  shows  that  higher  brightness  bunches  can  be  gen¬ 
erated  at  higher  frequencies,  albeit  with  less  total  charge.  Our 
conclusions  are  confirmed  by  numerical  simulation.  Practical 
limits  on  high  frequency  operation  are  discussed. 


written  as 

n  X  £;  =  0,  (2) 

where  n  is  normal  to  the  surface.  The  total  fields  E  and  B  can 
be  split  into  two  parts 

E  =  +  (3) 

B  =  (4) 

where  E’'^  and  are  the  fields  in  the  absence  of  the  beam 
and  E**"  and  are  the  fields  due  to  the  electron  beam.  Since 
the  RF  fields  E'’^  and  B''^  already  satisfy  Maxwell  equations 
and  the  boundary  condition,  E**"  and  E*'’  satisfy 


V  X  E'*^  = 

-“I-®’" 

(5) 

c  dt 

V  X  = 

1Ae*=  +  —  f  vf{x,p,t)d^p 
c  dt  c  J 

(6) 

V  ■  E’'^  = 

47re  j  f{x,p,t)d^p 

(7) 

V  •  E’'^  = 

0, 

(8) 

together  with  the  boundary  condition  n  x  E’°  =  0. 

The  total  number  of  electrons  in  the  cavity,  N{t),  can  be 
found  from  the  distribution  function  f{x,p,t): 

N{t)  =  j  f{x,p,t)d^xd^p.  (9) 

It  is  convenient  to  define  t  =  and  ^  =  y-  Th®  RF 

fields  are  now 


II.  NORMALIZED  VLASOV-MAXWELL 
EQUATIONS 


E"-^  =  Eoe(^,r),  (10) 

S’-/  =  Eob{^,T),  (11) 


Consider  a  RF  gun  operated  at  frequency  lj.  Since  collisions 
are  insignificant  for  the  parameters  of  the  RF  gun,  the  electron 
distribution  function,  f{x,p,t),  evolves  according  to  the  Vlasov 
equation: 


d  d  , 


c  J  dp} 


f{x,p,t)  =  0. 

(1) 


The  fields  JEJ  and  are  determined  self-consistently  from 
Maxwell  equations  and  an  appropriate  boundary  condition.  The 
boundary  condition  on  a  perfectly  conducting  wall,  namely  that 
the  transverse  electric  field  must  vanish  on  the  surface  S ,  can  be 
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where  e  is  a  dimensionless  field  profile  and  b  is  determined  from 
Faraday's  law 

=  -J  X  e(^,r')dr'.  (12) 

The  normalized  electron  distribution 

mui.r)  =  (13) 

is  defined  so  that 

J  mPl,r)dWl^7)  =  1- 
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With  the  definitions 


eEo 

) 

(15) 

mcu) 

4nujre  ,  , 

N(t), 

c 

(16) 

ESC 

(17) 

QSC 

(18) 

where  rg  =  jmc^  is  the  classical  electron  radius,  we  obtain 
the  normalized  Vlasov  equation 


{^  +  /3-Ve  +  a’-^[(e  +  e-)^x(6  +  n].V^,} 
/(^,/87,r)  =  0.  (19) 


In  Eq.  (19),  the  normalized  space-charge  fields  and  6^^  sat¬ 
isfy  the  normalized  Maxwell  equations 


(20) 

f)  r 

X  +  -^J  T)d\l3j), (21) 

Ve-e-  =  _y  /(^,/37,r)d"(/37),  (22) 

rr:  0,  (23) 


with  the  boundary  condition  n  x  =  0.  Note  that  Eq.  (19)- 
(23)  are  dimensionless  and  all  frequency  dependencies  have 
been  absorbed  in  the  normalized  field  strengths  and 

The  performance  of  an  RF  gun  can  be  easily  scaled  in  fre¬ 
quency.  As  long  as  and  the  initial  particle  distribution 

in  the  normalized  phase  space  are  fixed,  the  particle  distribution 
in  the  normalized  phase  space  is  independent  of  the  frequency. 
In  other  words,  if  the  accelerating  gradient  is  proportional  to 
the  frequency  (so  that  is  fixed,  see  Eq.(15)),  the  total  bunch 
charge  is  inversely  proportional  to  the  frequency  (so  that 
is  fixed,  see  Eq.(16)),  and  (for  a  photocathode  gun)  the  laser 
temporal  and  spatial  profiles  scale  with  wavelength  (which  fixes 
the  initial  particle  distribution  in  normalized  phase  space),  then 
the  current,  beam  divergence,  mean  energy,  and  energy  spread 
will  be  invariant,  the  beam  radius,  bunch  length,  and  emittance 
will  be  inversely  proportional  to  the  frequency,  and  therefore  the 
electron  beam  brightness  and  laser  power  density  will  be  propor¬ 
tional  to  the  frequency  square.  These  scalings  are  summarized 
in  Table  1. 


III.  SCALINGS  OF  WAKEFIELDS 

Some  Wakefield  effects  have  been  included  in  our  formulation 
when  we  impose  the  perfectly  conducting  boundary  condition. 
The  effects  of  finite  conductivity  will  be  dealt  with  later  in  this 
paper.  Our  frequency  scalings  hold  not  only  for  RF  guns,  but 
also  for  general  accelerating  structures.  However,  they  seem  to 
differ  from  traditional  wakefield  scalings. 

Traditional  wakefild  theory  [5]  assumes  an  axisymmetric 
disk-loaded  structure  and  uses  a  cylindrical  coordinate  {r,(t>jz) 
to  treat  the  problem.  Assume  a  is  the  radius  of  the  disk  opening. 


parameter 

scaling 

cavity  dimensions 

accelerating  gradient 

peak  current 

bunch  charge 

bunch  energy 

bunch  energy  spread 

bunch  emittance 

bunch  radius 

bunch  length 

bunch  divergence 

wO 

bunch  brightness 

laser  peak  power 

Table  I 

Frequency  scaling  of  a  photocathode  RF  guns. 


Vq  is  the  transverse  displacement  of  the  particle,  Eon  is  the  field 
strength  of  the  n-  the  traveling  wave  mode  at  the  disk  opening, 
and  ujn,  m,  and  are  the  frequency,  azimuthal  wavenumbeer, 
and  the  field  energy  per  unit  length  of  that  mode,  respectively. 
Then  the  longitudial  and  transverse  wakefields  can  be  written  as 
[7] 


w\\n{p,4>,Tn)  -  -2qknp’^p"' COS  m<l>  COS  f„,  (24) 

k  c 

WLn(P,<i>,Tn)  =  f  V"*  COS  m0  COS  f„  (25) 

—  sin  m^sin  fvi, 

where  kn  =  El^/{Awn)  is  the  loss  parameter,  and  p  —  vj a, 
—  Tqja,  and  fn  —  —  zjc)  are  the  normalized  vari¬ 

ables.  Wilson  [5]  assumes  that  the  transverse  displacement  Vq  is 
fixed  regardless  of  the  operating  frequency  ij)^.  This  regards  the 
transverse  displacement  as  limited  by  practical  constraints  such 
as  the  machining  tolerance  and  the  alignment.  However,  if  the 
transverse  displacement  is  scaled  as  and  thus  p  and  pq  are 
fixed,  the  scalings  will  be 

w\\ri  ~  for  any  m,  (26) 

~ 

These  are  scalings  of  wakefields  induced  by  a  single  particle. 
For  a  bunch  of  particles,  the  total  wakefield  is  obtained  by  in¬ 
tegrating  the  wakefields  induced  by  all  particle.  Assuming  the 
functional  form  of  the  particle  distribution  in  the  normalized  co¬ 
ordinate  {pq^(f>^Tn)  is  fixed  regardless  of  Wn  yet  the  magnitude 
is  scaled  as  (so  that  the  total  charge  scales  as  u;“^),  then  the 
total  wavefield  will  scale  as 


^  for  any  m,  (28) 

with  /?,  fn,  and  (i>  being  fixed.  Therefore,  the  total  wakefield 
scales  in  the  same  way  as  the  RF  field  and  the  space-charge  field. 
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RF  frequency  (GHz) 

2.856 

17.136 

Peak  field  on  cathode  (MV/m) 

41.7 

250 

RF  phase  for  laser  pulse 

12'’ 

12“ 

Exit  beam  energy  (MeV) 

2.1 

2.1 

Energy  spread  (%) 

0.22 

0.22 

Laser  spot  radius  (mm) 

2.9 

0.49 

Laser  pulse  length  (ps) 

9.6 

1.6 

Charge  in  bunch  (nC) 

0.6 

0.1 

Beam  emittance  (Trmm-mrad) 

6.6 

1.1 

Beam  bunch  length  (mm) 

0.96 

0.16 

Beam  radius  (mm) 

4.0 

0.67 

Beam  divergence  (mrad) 

19 

19 

Peak  current  (A) 

180 

180 

Beam  brightness  (A/7r^m^) 

4.1  X  10^2 

1.5  X  lO^'^ 

Table  n 

MAGIC  simulation  results  for  BNL' s  2.856GHz  photocathode 
RF  gun  and  a  scaled  gun  at  17.136GHz. 
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It  confirms  that  our  frequency  scalings  are  correct  even  when 
the  Wakefields  are  included,  as  long  as  the  beam  size  and  total 
charge  are  scaled  down  with  frequency. 

Nonetheless,  the  field  profile  of  the  n-  the  traveling  wave 
mode  will  change  slightly  when  we  scale  the  operating  fi’e- 
quency,  since  the  skin-depth  does  not  scale  linearly  with  fre- 
qeuncy.  On  way  to  study  the  skin-depth  effect  on  RF  gun  beam 
dynamics  is  to  use  numerical  simulation.  As  will  be  shown  in 
next  section,  the  skin-depth  effect  in  RF  guns  is  negligible  in 
the  regime  of  practical  interest,  since  the  scaling  law  still  holds 
when  the  skin-depth  effect  is  taken  into  account. 


IV.  NUMERICAL  RESULTS  AND  DISCUSSION 

Numerical  simulations  with  the  particle-in-cell  code  MAGIC 
confirm  the  frequency  scaling.  The  performance  of  the  BNL 
photocathode  RF  gun  [3]  operated  at  2.856GHz  was  compared 
with  that  of  a  scaled  BNL  design  at  17,136GHz  (x6  higher  fre¬ 
quency).  The  results  are  summarized  in  Table  2. 

The  practical  assumptions  made  herein  are  (1)  that  very  high 
gradients  can  be  (more  readily)  achieved  at  higher  frequencies, 
(2)  that  the  bunch  length  and  beam  size  can  be  scaled  inversely 
with  frequency,  (3)  that  the  laser  peak  power  remains  below  the 
damage  threshold  to  the  cathode,  and  (4)  that  that  changes  to 
coupling  geometry  do  not  affect  the  field  profile  in  the  cavity. 
This  implies  that  sufficiently  powerful  RF  sources  are  available 
at  the  higher  frequency,  and  that  short  laser  pulses  can  be  mode 
locked  to  RF  with  the  same  degree  of  relative  error  in  temporal 
and  spatial  jitters.  Since  the  skin  depth  does  not  scale  linearly 
with  frequency,  coupling  from  the  RF  source  to  the  cavity  cannot 
be  linearly  scaled. 

In  summary,  while  high  frequency  systems  may  be  difficult 
to  realize  technically,  they  may  prove  to  be  compact  sources  of 
high  brightness  bunches. 
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Abstract 

A  theoretical  analysis  of  the  waveguide  broad- wall  coupling  of 
RF  gun  structures  is  presented.  The  analysis  of  this  three  di¬ 
mensional  problem  yields  an  equivalent  circuit  whose  elements 
are  either  directly  calculated  from  the  frequency  and  geometry 
of  the  gun,  or  are  inferred  from  the  two  dimensional  numeri¬ 
cal  solver  URMEL.  Good  agreement  between  experiment  and 
theory  is  seen  in  cold  tests  of  our  17GHz  1 1-  cell  RF  gun. 

1.  INTRODUCTION 

Photocathode  RF  guns  are  a  promising  source  of  high  bright¬ 
ness  electron  beams  for  free  electron  lasers  and  future  linear  col¬ 
liders.  Among  existing  RF  gun  systems,  the  1^-  cell  RF  cavity 
design  with  a  waveguide  broad- wall  coupling  scheme,  as  shown 
in  Fig.  1,  is  most  widely  used  [1],  [2],  [3].  Most  experiments 
have  been  conducted  at  an  RF  frequency  of  2.856GHz.  How¬ 
ever,  until  now  there  has  been  no  solid  theoretical  understand¬ 
ing  of  this  coupling.  Such  understanding  is  important  if  guns  are 
to  be  scaled  to  the  high  RF  frequencies  under  consideration  for 
future  linear  colliders  and  compact  high  gradient  accelerators. 

We  present  a  theoretical  study  of  the  waveguide  broad-wall 
coupling  for  the  l|-  cell  RF  gun  cavity,  and  a  detailed  compar¬ 
ison  with  experimental  measurements.  Our  method  consists  of 
the  following:  (1)  The  problem  is  initially  simplified  by  ignoring 
the  iris,  exit  hole,  and  ohmic  loss.  (2)  Each  coupling  aperture  is 
represented  by  a  three-dimensional  dipole  vector.  (3)  The  two 
dipole  vectors  are  solved  for  self-consistently  using  the  small 
aperture  approximation  and  appropriate  Green's  functions.  (4) 
The  dipole  radiation  is  used  to  calculate  the  reflection  and  trans¬ 
mission  coefficients.  From  these  coefficient  an  impedance  and 
equivalent  circuit  are  derived.  (5)  The  iris,  exit  hole,  and  ohmic 
loss  are  included  by  introducing  additional  circuit  elements.  De¬ 
tails  are  presented  in  [6]. 


Figure  1.  A  cross  section  view  of  a  l|-  cell  RF  cavity  coupled 
to  a  rectangular  waveguide  via  two  apertures  in  the  broad-wall. 

that 
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dL2  , 

.  ^2  . 

or  simply  d  —  6l  •  F.  Here,  df  is  the  aperture's  polarizability 
tensor,  readily  given  in  terms  of  geometry  [5].  To  obtain  a  self- 
consistent,  and  thus  a  physically  meaningful  solution,  one  needs 
to  include  both  the  incident  and  the  radiated  fields.  The  total 
field  at  the  aperture  should  thus  be  of  the  form  F 

where  denotes  the  incident  field,  and  F^  (F^)  denotes 
the  total  field  radiated  by  d  on  the  waveguide  side  (cavity  side) 
of  the  aperture. 

Since  this  is  a  linear  system,  there  exist  reaction  tensors 
and  such  that  F^’^  =  •  d.  Thus  the  dipole  vector  d  can 

be  written  in  terms  of  the  incident  field  F*”^  as 


IL  CONSTRUCTION  OF  THE  EQUIVALENT 
CIRCUIT 

Consider  the  waveguide  broad-wall  coupling  problem  shown 
in  Fig.  1.  The  RF  energy  is  coupled  into  the  cavity  through  two 
apertures  which  are  assumed  to  be  small  compared  to  the  wave¬ 
length  of  the  incident  RF  field.  Let  f  —  1, 2  refer  to  these  two 
apertures.  The  effects  of  a  small  aperture  can  be  represented  [4] 
by  a  dipole  vector  which  consists  of  three  components:  an  elec¬ 
trical  component  normal  to  the  broad-wall,  and  two  tangential 
magnetic  components.  The  dipole  vector  di  at  each  aperture  is 
related  to  a  field  vector  F* ,  whose  components  are  the  normal 
electric  and  two  tangential  magnetic  field  components.  ^From 
the  quasi-static  solution  of  the  wave  equation  it  can  be  shown 

•This  research  is  supported  by  DOE  under  grant  DE-FG02-91-ER40648. 


d  =  [^  _  d  •  (x"  +  (2) 

where  S  is  the  identity  tensor.  The  coupling  problem  is  thus 
determined  by  d,  which  depends  on  the  reaction  tensors  for  the 
waveguide  and  the  cavity.  These  tensors  are  readily  obtained 
from  the  Green' s  functions  of  the  waveguide  and  pillbox  cavities 
[6]. 

A  two-port  network,  characterized  by  a  two-by-two  scattering 
matrix  S,  gives  physical  insight  into  the  coupling.  The  matrix 
S  is  related  to  its  impedance  matrix  by 

Z  =  Zo{S-S)-^ -{S  +  S),  (3) 

where  Zo  is  the  waveguide  characteristic  impedance.  ^From 
the  Green's  function  for  waveguide,  we  calculate  the  radiated 
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Figure  2.  An  equivalent  network  for  the  complete  wave-guide  broad- wall  coupled  1^-cell  cavity  system. 


fields  and  then  obtain  the  reflection  coefficient  and  the  trans¬ 
mission  coefficient  521 

5u  =  ff^-[S-cc.{x^  +  xl]-'-a-f+,  (4) 

521  =  i  +  §r -[s-^-ix^+rr'-^-f^AS) 

where  (3  =  -  kl  (kc  is  the  cutoff  wavenumber)  and 

the  elements  are  given  in  [6].  In  practice,  the  waveguide  is 
shorted  at  a  quarter- wave  distance  from  the  apertures.  This  max¬ 
imizes  the  incident  fields  on  the  apertures.  In  this  case,  port  two 
is  open  and  the  two-port  network  becomes  a  one-port  network 
with  an  impedance  Zu,  Inserting  Eqs.  (4)  and  (5)  into  Eq.  (3) 
yields  an  expression  for  the  impedance  Zn.  The  result  is  the 
compact  expression: 

^11  =  jx^  +  1/jBy  +  1/Yi,  +  I/Y2.  (6) 

where  Yiz  =  jX^  -h  n]f{ju;Ci  -h  l/jcjLi).  Each  element  is 
rigorously  given  in  terms  of  frequency  and  geometry  [6]. 

The  iris  can  be  represented  by  a  mutual  inductor  M  and  a 
capacitor  Ct,  the  exit  hole  can  be  represented  by  a  capacitor 
Ce,  and  ohmic  loss  can  be  represented  by  conductances  Gi  and 
G2.  Their  numerical  values  can  be  obtained  from  the  numerical 
solver  URMEL  [6].  This  yields  the  equivalent  network  shown 
in  Fig.  2.  In  this  equivalent  network,  we  have  introduced  an 
additional  capacitor  to  represent  the  tuner  used  to  change  the 
frequency  of  the  first  cell  in  our  experimental  apparatus. 

In  Figure  2,  Li-Gi  {L2-C2)  represent  the  oscillation  of  the 
first  (second)  cell,  M  represents  the  coupling  due  to  the  iris,  Ct 
represents  the  tuning  due  to  the  iris,  Ce  represents  the  tuning 
due  to  the  exit  hole  in  the  second  cell,  C[  represents  the  tuning 
due  to  the  tuner  in  the  first  cell,  Gi  and  G2  models  ohmic  losses 
in  two  cells,  the  two  transformers  ni  :  1  and  ^2  :  1  represent  the 
impedance  transforming  features  of  the  waveguide-cavity  junc¬ 
tion,  and  jX^.jBy,  jXu,  and  jX2z  represent  the  waveguide- 
cavity  coupling. 


coupled  oscillators  equations: 


'  j{u -u)[- jn)  -K 

Ui 

qi  ' 

-K  j{ul  -u'2- jT2)  _ 

.  ^2  . 

.  ^2  . 

Here,  Ui  is  the  normalized  accelerating  field  amplitude,  the 
resonant  frequency,  r*  the  loss  factor  (which  is  related  to  the 
cavity  Q  factor),  qi  the  driving  force,  and  k  the  coupling  coeffi¬ 
cient. 

The  eigenvalues  and  eigenvectors  of  the  coupled  oscillators 
are 


= 

+  ^2  , 

2  *v 

/ /  \  0  0 

'{  2  )  ’ 

U  = 

[ »+  "-  ] 

cos  0  —  sin  ^ 

sin  0  cos  0 

where  Qi  =  uj^  -f  jvi  and 


0 


tan 


(7) 


The  eigenmodes  and  u  _  are  the  tt-  mode  and  the  0-  mode  for 
the  waveguide  broad-wall  coupled  1 cell  RF  cavity,  respec¬ 
tively.  The  angle  9  is  the  mode  mixing  angle.  We  can  represent 
the  response  «  as  a  linear  combination  of  and  : 


u 


=  [7 


C+ 


-«+  + 


«-] 


(8) 


where 


=  qicos9  +  q2sin9  (9) 

C-  =  —qisinO  +  q2cos0,  (10) 

Note  that  and  c_  represent  the  magnitude  of  the  tt-  mode  and 
the  0-  mode,  respectively.  If  is  much  greater  than  c_ ,  then 
the  TT-  mode  has  been  selectively  excited. 

IV.  COMPARISON  BETWEEN  EXPERIMENT 
AND  THEORY 


III.  COUPLED  OSCILLATORS  MODEL 

In  our  gun,  the  coupling  is  primarily  through  the  component 
of  the  dipole.  This  implies  jXj;  and  jBy  are  negligible.  Near 
resonance  we  obtain,  from  the  equivalent  circuit,  two  driven 


Now  we  present  the  comparison  between  the  theory  and  the 
experiment  for  a  17  GHz  gun  [3].  In  Fig.  3,  theoretical  and 
measured  values  of  the  reflection  coefficient  Su  of  a  waveg¬ 
uide  broad-wall  coupled  RF  gun  are  plotted  as  a  function  of  fre¬ 
quency  for  an  initially  untuned  gun.  Without  tuning  the  system 
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Figure  3.  5ii  of  the  waveguide  broad- wall  coupled  l|-  cell 
cavity  as  a  function  of  frequency  when  the  cavity  is  untuned. 

is  in  the  weak  coupling  region;  in  our  case  the  first  cell  has  the 
lower  resonant  frequency.  The  two  apertures  are  commensurate 
in  size  and  consequently  qi  ~  ^2-  Therefore,  one  observes  two 
distinct  resonances  with  comparable  magnitude. 

As  we  tune  the  first  cell,  the  resonant  frequency  of  the  first 
cell  {u>i)  becomes  larger  and  thus  closer  to  that  of  the  second 
cell  (cj2)-  Therefore,  the  coupling  becomes  stronger.  Finally, 
two  resonances  become  undistinguishable  when  the  difference 
in  frequency  is  greater  than  the  bandwidth,  as  shown  in  Fig.  4. 
In  these  figures,  the  theoretical  predictions  agree  very  well  with 
measurement. 

V.  CONCLUSION 

We  have  constructed  an  equivalent  network  representation  for 
the  waveguide  broad- wall  coupled  l|-  cell  RF  cavity.  The  cou¬ 
pling  between  the  rectangular  waveguide  and  the  cylindrical  1 
cell  cavity  (without  the  iris,  the  exit  hole,  and  ohmic  losses)  has 
been  studied  using  the  small  aperture  approximation  and  rigor¬ 
ously  represented  by  an  equivalent  network,  in  which  all  cir¬ 
cuit  elements  are  derived  from  first  principles.  The  iris,  the  exit 
hole,  and  ohmic  loss  have  been  modeled  by  introducing  appro¬ 
priate  circuit  elements  obtained  from  the  numerical  field  solver 
URMEL.  The  resultant  equivalent  circuit  has  been  analyzed  and 
well  approximated  by  two  driven  coupled  oscillators.  We  have 
shown  that  with  proper  tuning  the  waveguide  broad-wall  cou¬ 
pling  scheme  can  selectively  excite  a  linear  combination  of  tt- 
and  0-  modes  so  as  to  optimize  the  RF  gun  performance.  Ex¬ 
perimental  measurements  are  in  excellent  agreement  with  the 
theory. 


16.80  16.85  16.90  16.95  17.00 


frequency  (GHz) 

Figure  4.  5ii  of  the  waveguide  broad-wall  coupled  1^-  cell 
cavity  as  a  function  of  frequency  when  the  cavity  is  properly 
tuned. 
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The  optimum  design  of  an  emittance  compensated  if 
photoinjector  is  very  complicated  and  time-consuming, 
relying  heavily  on  multi-particle  simulations  without  good 
analytical  models  as  a  guide.  Emittance  compensated 
designs  which  have  been  developed,  however,  can  be  used 
to  generate  other  designs  with  no  additional  effort  if  the 
original  design  is  scaled  correctly.  This  paper  examines  the 
scaling  of  rf  photoinjector  design  with  respect  to  charge  and 
wavelength,  and  presents  emittance  and  brightness  scaling 
laws  for  these  variables.  Parametric  simulation  studies  are 
presented  to  illustrate  these  scaling  laws.  A  practical 
design  for  the  TESLA  FEL  rf  photo-injector  is  developed 
using  these  scaling  techiniques. 

L  INTRODUCTION 

The  optimization  of  an  rf  photoinjector[l-6]  design  is 
typically  an  iterative  and  somewhat  haphazard  process. 
This  is  because,  while  some  scaling  laws  concerning 
photoinjector  performance  have  been  derived  from  first 
order  integration  of  the  transverse  force  equations  [2],  an 
optimized  photoinjector  will  necessarily  use  emittance 
compensation  [3],  which  is  a  dynamical  process  with  only  a 
qualitative  theoretical  understanding.  A  full  design  requires 
a  search  of  the  relevant  parameter  space,  which  includes 
the  rf  amplitudes  of  the  gun  and  linac,  the  focusing  lens 
position  and  strength,  the  gun-to-linac  separation,  the 
cathode  cell  length,  and  the  beam  charge,  spot  size  and 
pulse  length.  Because  this  is  such  an  involved  process, 
including  detailed  rf  and  magnet  design  calculations  and 
multiparticle  simulations,  any  analytical  understanding  of 
the  optimization  process  would  be  a  useful  and  time-saving 
tool.  While  a  full  analytical  theory  of  the  beam  dynamics 
in  an  rf  photoinjector  remains  a  difficult  result  [7],  this  work 
presents  a  new  method,  that  of  scaling  an  existing  rf 
optimized  photoinjector  design  with  respect  to  charge  and 
wavelength  variation  to  design  entire  families  of  optimized 
photoinjectors. 

II.  DYNAMICS  EQUATIONS 

The  longitudinal  and  transverse  dynamics  of  the  electrons 
in  an  rf  photoinjector  can  be  described  by  some  relatively 
straightforward  equations.  Since  the  longitudinal  motion  is 
dominated  by  the  applied  rf  fields,  and  the  collective 
effects  due  to  the  electrons  are  perturbations  on  the  motion 
of  a  single  electron,  for  this  discussion  it  is  sufficient  to 
examine  the  single  particle  dynamics.  The  rf  acceleration 


field  in  a  pure  7C-mode  standing  wave  accelerator  gives 
energy  gain  equation  [2] 

-[sin(0)-Hsin(^-i-2/:^z)],  (1) 


dy  _  cEq 


dz 

where  k^=  cole  is  the  rf  wave  number,  and  Eq  is  the  peak 
acceleration  field.  The  evolution  of  phase 

def) 
dz 


I  — 

1  ^ 

L 

angle 
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By  recasting  the  equations  using  the  dimensionless 
independent  variable  z=k^z, 

■^  =  a[sin(0)  +  sin(0-F2/:^z)l  (3) 

/77  ^  ^ 


dz 

and 


d(p 


1- 


(4) 


where  a^eE^jlk^m^c^  is  the  single  parameter[2]  which 
describes  the  longitudinal  motion.  This  immediately  gives 
the  result  that  the  scaling  of  an  rf  design  with  wavelength 
implies  that  a  must  be  kept  constant  as  the  wavelength  is 
varied. 

The  transverse  dynamics  of  an  optimized  rf 
photoinjector  are  a  bit  more  intricate  to  describe,  because 
the  collective  forces  due  to  space-charge  are  non-negligible 
throughout  the  device.  In  fact,  the  uncorrelated  thermal 
motion  of  the  beam  particles  is  nearly  ignorable  in 
optimized  rf  photoinjectors  because  of  the  dominance  of 
space  charge  and  externally  applied  forces.  This  situation 
allows  a  key  simplification  in  modeling  the  collective 
transverse  dynamics,  that  the  motion  can  be  assumed  to  be 
nearly  laminar  and  an  ordering  of  particles  in  the  spatial 
coordinates  is  preserved  in  this  case. 

Given  this  situation,  assuming  the  configuration  space 
distribution  functions  of  the  beam  at  the  cathode  are  the 
scaled  correctly,  the  scaling  of  the  transverse  motion  of  the 
electron  distribution  can  be  deduced  by  examining  the 
scaling  of  the  rms  transverse  envelope  equations.  For  this 
work,  we  write  the  envelope  equation  describing  the 
evolution  of  a  cylindrically  symmetric  beam,  igoring 

thermal  emittance  effects  [7], 

/  'A 


(Ty  -l-  Oy 
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where  an  analogous  equation  exists  for  Gy.  In  Eq.  5  the 

prime  indicates  the  derivative  with  respect  to  z,  the 
focusing  strength  (which  is  the  square  of  a  betatron  wave 
number)  x  for  all  linear  static 

externally  applied  forces,  I  is  the  peak  current,  and 
4  - 17  kA. 

III.  CHARGE  SCALING 

Often,  one  designs  an  rf  photoinjector  with  a  particular 
application  in  mind,  specifying  the  charge  Q,  bunch  length 
CT^,  and  total  (including  nonthefmal  sources)  emit-tance 
€,  only  to  find  another  significantly  different  application 
arising  later.  An  rf  photoinjector  design  can  be  scaled  quite 
straightforwardly  by  scaling  the  defocusing  forces  of  the 
bunch  appropriately.  This  can  be  seen  by  writing 
I  =  Qclga^,  where  ^  is  a  distribution  function  dependent 

form  factor,  and  using  the  defocusing  space  charge  term  in 
Eq.  5  to  define  the  rms  defocusing  (imaginary)  wave 
number  as 


The  first  bracketed  factor  in  Eq.  6  is  a  bunch 
independent  constant,  the  second  is,  up  to  a  distribution 
shape  dependent  constant,  the  peak  beam  density,  and  the 
last  factor  is  dependent  only  on  the  bunch  aspect  ratio. 
Therefore  one  can  scale  a  design  keeping  all  of  the  applied 
focusing  forces  the  same  by  preserving  the  defocusing 
space  charge  wave  number,  which  implies  that  peak  the 
beam  density,  aspect  ratio  and  distribution  shape  must  be 
kept  constant.  Quantitatively  we  can  write  this  as  a  simple 
scaling  law, 

(7) 

all  bunch  dimensions  scale  as  the  cube-root  of  the  total 
charge. 

To  check  on  how  well  this  scaling  works  in  actual 
practice,  a  series  of  simulations  were  performed  using  the 
code  PARMELA,  which  includes  all  applied  fields  and  an 
electrostatic  approximation  to  the  self-consistent  space 
charge  fields.  A  test  injector  composed  of  a  high  gradient  1- 
1/2  cell  S-band  (2856  MHz)  photoinjector  gun  with  BNL- 
style  cavity  profiles  [4],  followed  by  a  focusing  solenoid, 
and  a  drift  long  enough  to  allow  the  compensation 
minimum  to  be  clearly  discerned  was  chosen  for  the 
scaling  studies. 

The  results  of  these  studies  are  discussed  in  detail  in 
Ref.  8,  and  are  summarized  here.  The  evolution  of  the 
beam  prof-iles  for  various  charge  beams  is  essentially  of 
the  same  form.  In  addition,  the  evolution  of  the  rms 
normalized  emittance  displays  qualitatively  similar 
behavior.  It  is  then  reasonable  to  ask  how  the  emittance 
quantitatively  scales  following  this  prescription  for  Q 


scaling.  This  is  not  a  trivial  task,  as  there  are  a  number  of 
contributions  to  the  normalized  rms  emittance,  defined  by 

]l(^^)(Px)-(Wx}  ■  (8) 

To  begin,  we  examine  the  dependence  of  the  space-charge 
derived  emittance.  All  of  the  force  integrals  needed  to  find 
the  rms  transverse  momentum  scale  (including  the 
nonlinear  com-ponents  of  the  force,  but  not  including  the 
cathode  effects)  as  the  beam  size,  and  the  space-charge 
derived  emittance  scales  as 

(9) 

This  is  the  same  dependence  that  Kim[2]  has  deduced  for 
the  uncompensated  space  charge  emittance. 

Another  source  of  rms  emittance  is  the  differential 
focusing  (as  a  function  of  longitudinal  position)  due  to  the 
linear  transverse  rf  forces.  This  effect  has  been  analyzed  to 
lowest  order  by  Kim[2],  who  found 

(10) 

The  emittance  again  scales  as  the  square  of  the  transverse 
beam  size,  and  additionally  scales  as  the  length  of  the 
beam  squared. 

A  final  contribution  to  the  total  rms  emittance  arises 
because  of  the  beam’s  energy  spread.  Since  this  quantity 
increases  as  the  square  of  the  beam  length,  the  possible 
emittance  growth  due  to  chromatic  aberrations  in  the 
focusing  system  will  increase  with  bunch  charge.  This 
effect  scales  as 

ef  «  [^][^]  )'  1) 

The  chromatic  effects  have  the  same  scaling  as  linear  rf 
emittance  contribution. 

Simulation  results  of  all  of  the  Q  scaled  designs  is 
shown  in  Fig,  1.  The  asymptotic  predictions  of  the 
emittance  growth,  that  it  should  be  space-charge  dominated 
at  low  charge  and  rf/chromatic  dominated 

( oc  at  high  charge  are  shown,  as  is  a  simple  fit  to 
a  curve  which  is  the  sum  of  squares  of  these  two 

asymptotic  effects  ( ).  Note  that 

for  a  large  range  of  charges,  the  dependence  of  emittance 
on  charge  is  in  the  transition  between  the  two  limits,  and  is 
approximately  linear. 

IV.  WAVELENGTH  SCALING 

Another  situation  which  can  arise  is  that  one  laboratory 
develops  a  sophisticated  rf  photoinjector  design  at  a  certain 
rf  wavelength,  and  a  different  laboratory  wishes  to  take 
advantage  of  this  work  in  adapting  the  design  to  another, 
more  convenient  wavelength.  This  naturally  brings  up  the 
question  of  wavelength  ( A )  scaling  of  photoinjector  design. 
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Figure  1.  PARMELA  simulation  of  emittance  compensated 
BNL-style  gun,  emittance  dependence  of  charge  scaling. 

This  discussion  proceeds  immediately  from  Eqs.  3  and 
4,  which  dictate  the  scaling  of  the  electric  field,  as 
mentioned  before.  To  preserve  the  longitudinal  motion  in  a 
design  -  the  injection  phasing,  compression  of  longitudinal 
phase  spread,  the  energies  at  the  exit  of  the  rf  structures, 
etc.  -  one  must  simply  follow  the  scaling  Eq  oc  .  This 
implies  that  the  structure  length  is  simply  proportional  to 
the  rf  wavelength.  Further,  preservation  of  the  relative 
energy  spread  requires  that  the  beam’s  injected  phase 
spread  be  constant,  , 

For  preservation  of  the  transverse  dynamics,  one  must 
scale  all  of  the  transverse  wave  numbers  inversely  with  the 
rf  wavelength,  since  all  distances  must  scale  with 
wavelength.  For  solenoidal  focusing,  this  implies  BocX~^. 
It  can  be  shown  that  the  transverse  rf  effects  naturally 
scale  correctly  with  wavelength  if  the  field  is  inversely 
proportional  to  the  wavelength  [8].  For  space  charge,  we 
recall  that  the  aspect  ratio  of  the  beam  must  remain 
constant  when  scaling,  and  thus  we  have  a^  y  A .  To 
scale  the  space  charge  defocusing  wave  number  correctly, 
we  deduce  from  Eq.  6  that  QocX  , 


Figure  2.  PARMELA  simulation  of  emittance  compensated 
BNL-style  gun,  emittance  dependence  of  wavelength 
scaling. 


These  scaling  rules  have  also  been  tested  with 
PARMELA  simulations,  as  described  in  Ref.  8.  The  evolut¬ 
ion  of  the  beam  size  along  the  beamline,  with  all  lengths 
nor-malized  to  the  rf  wavelength,  are  invariant  in  these 
simulations.  In  addition,  the  emittance  evolution  in 
displayed  identical  scaling  behavior.  To  see  why  this  is  so, 
we  note  that  for  A  scaling,  the  rms  momentum  integrals 
are  proportional  to  the  defocusing  strength  X~^),  the 
beam  size  {^X)  the  total  rest  frame  integration  time 

X),  Multiplied  by  the  rms  beam  size  ( A),  we  find 
that  ef  cx:  A .  The  rf  contribution  to  the  emittance  scales 
with  wavelength,  using  Eq.  10,  as  ocEQ{k^<y^)a^^ocX, 
Finally,  the  contribution  to  the  emittance  from  chromatic 
aberrations  scales,  using  Eq.  11,  as 

oc/L  .  These  results, 
which  lead  to  the  conclusion  that  the  emittance  is  yet 
another  "length”  simply  proportional  to  A ,  is  easily  shown 
to  be  valid  by  the  numerical  simulations,  as  seen  in  Fig.  2. 

V.  SCALING:  A  DESIGN  EXAMPLE 

A  short  wavelength  FEL  has  been  proposed  for  The 
TESLA  Test  Facility  (TTF)  [9].  While  a  1.3GHz  BNL- 
style  photoinjector  has  been  designed  for  the  TTF  [10],  its 
focusing  scheme  has  been  optimized  to  produce  high 
charge  (8.3  nC)  bunches.  When  charge  scaling  is  applied  to 
reduce  the  charge  to  the  FEL  design-driven  1  nC,  one  does 
not  obtain  an  emittance  below  2  mm-mrad.  On  the  other 
hand,  if  one  scales  the  BNL  1  nC  design  (with  its  focusing 
scheme)  first  to  1.3  GHz  (so  the  charge  is  2.2  nC)  and  then 
scales  the  charge  back  down  to  1  nC,  the  BNL  focusing 
scheme  produces  much  better  emittances,  well  below  the  1 
mm-mrad  demanded  by  the  FEL  fter  acceleration  in  a 
booster  linac.  This  excellent  example  of  the  use  of  scaling 
in  design  is  shown  in  Fig.  3. 


z  (cm) 

Figure  3.  BNL-style  design  scaled  to  f=1.3  GHz,  and  1  nC. 
A  TESLA  cavity  (15  MV/m)  booster  linac  at  z=240  cm 
aids  and  preserves  emittance  compensation.  In  the  gun 
Fo=45  MV/m. 
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Abstract 

In  recent  years,  advances  in  the  rf  gun  technology  have 
made  it  possible  to  produce  small  beam  emittances  suitable  for 
short  period  microundulators  which  take  advantage  of  the  low 
emittance  beam  to  reduce  the  wavelength  of  free-electron 
lasers  (FELs).  At  the  Advanced  Photon  Source,  we  are  study¬ 
ing  the  design  of  a  compact  50-MeV  superconducting  mm- 
wave  linac-based  FEL  for  the  production  of  short  wavelengths 
(-300  nm)  to  carry  out  FEL  demonstration  experiments.  The 
electron  source  considered  for  the  linac  is  a  30-GHz,  3  1/2-cell 
7C-mode  photocathode  rf  gun.  For  cold  model  rf  measurements 
a  15-GHz  prototype  structure  was  fabricated.  Here  we  report 
on  the  design,  numerical  modeling  and  the  initial  cold-model  rf 
measurement  results  on  the  15-GHz  prototype  structure. 

L  INTRODUCTION 

Short  wavelength  FELs  impose  stringent  requirements  on 
the  quality  of  the  electron  beams.  The  key  factor  in  obtaining  a 
single-pass  UV  or  x-ray  FEL  is  the  generation  of  small  emit¬ 
tance  electron  beams  with  ultra-high  brightness.  In  the  past 
decade,  a  tremendous  amount  of  R&D  has  taken  place  to 
improve  the  performance  of  rf  gun  design  [1,2],  With  the 
emergence  of  new  photocathode  materials  with  good  quantum 
efficiencies  and  improvements  in  laser  technology  to  produce 
ultra-short  pulses,  it  is  now  possible  to  produce  small  emit¬ 
tance  electron  beams  suitable  for  short  wavelength  FEL  appli¬ 
cations.  The  linac  structure  being  considered  is  a  60-GHz 
constant  gradient  superconducting  structure  fabricated  by 
using  a  precision  microfabrication  process  known  LIGA 
(Lithographie,  Galvanoformung,  Abformung). 

The  limitations  on  the  emittance  and  beam  brightness  of 
an  electron  gun  are  mainly  due  to  nonlinear  electromagnetic 
forces,  space  charge  forces,  and  the  maximum  current  density 
that  can  be  obtained  from  the  cathode.  Alkali  semiconductors 
photocathode  such  as  Cs3Sb  can  produce  peak  current  density 

of  600  A/cm^.  These  cathodes  may  be  operated  at  pulse 
lengths  ranging  from  a  few  picoseconds  to  microseconds  at 

high  pulse  repetition  rates.  However,  excellent  vacuum  (-10'^ 
Tort)  must  be  maintained.  Field  emission  array  (FEA)  cathodes 

could  produce  current  density  in  excess  of  100  A/cm  .  How¬ 
ever,  at  the  present  time,  their  limited  lifetime  due  to  various 
breakdown  modes  does  not  make  them  attractive  for  accelera¬ 
tor  applications. 


*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 
t  Senior  Research  Students  at  Argonne. 


II.  RF  GUN  DESIGN 

The  rf  gun  considered  for  this  project  is  a  30-GHz  3  1/2- 
cell  structure.  However,  for  ease  of  the  initial  fabrication  and 
assembly,  a  prototype  15-GHz  structure  was  designed  and  built 
as  a  first  test  structure.  Although  there  are  many  technical  diffi¬ 
culties  associated  with  high-frequency  rf  gun  structures,  a  30- 
GHz  photocathode  rf  gun  allows  us  to  reach  very  high  gradient 
in  excess  of  500  MV/m.  This  drastically  reduce  the  effects  of 
space-charge  forces  and  allows  high-brightness  beams.  For  a 
cylindrically  symmetrical  structure,  the  transverse  magnetic 
field  (TM  modes)  can  be  uniquely  determined  by  the  axial 
electric  field,  E^  [3]: 


E^(z,r)  =  E^(z,0)-^h(z) +o((pr)'‘)  , 

(1) 

(pr)’) 

1  ,  (2) 

>-)’] 

1  ,  (3) 

where  h(z)  satisfies 

h(z)  = 

/  2I 

E^(z,o) 

(4) 

For  ideal  cavity  shape  it  is  required  to  make  both  h(z)  and 
h'(z)  zero.  In  this  case,  the  cavity’s  radius  is  given  by  [4] 

As  z  goes  to  zero,  it  requires  that  r  approaches  infinity.  In  a 
real  situation  one  can  optimize  the  cells’  geometry  and  the 
shape  of  the  cavity  around  the  exit  in  a  way  which  is  close  to 
the  ideal  shape.  The  effects  of  nonlinear  rf  forces  and  self¬ 
fields  of  the  electrons  on  the  emittance  growth  of  the  electron 
beam  has  been  described  in  detail  by  K.-J.  Kim  [5],  Emittance 
growth  due  to  nonlinear  rf  forces  can  be  controlled  by  ensuring 
that  nonlinear  transverse  components  of  the  rf  fields  are  mini¬ 
mized.  This  can  be  achieved  by  placing  a  thick  disk  between 
cells  and  adjusting  the  diameter  of  the  apertures  so  as  to  mini¬ 
mize  nonlinear  transverse  components, The  effects  of  nonlinear 
space  charge  forces  are  reduced  since  the  initial  electron  distri¬ 
bution  from  the  cathode  are  launched  in  a  high  gradient  electric 
field  and  the  space  charge  beam  blowup  scales  as  the  inverse  of 
the  peak  electric  field  gradient.  For  simulations,  a  laser  pulse 
of  2  ps  is  chosen.  MAFIA  [6]  numerical  codes  were  used  to 
model  the  3  1/2-cell  rf  gun  including  particle-in- cell  simula¬ 
tions.  The  main  parameters  of  the  prototype  photocathode  rf 
gun  are  listed  in  Table  1.  The  gun’s  cell  radius  and  aperture 
diameter  were  optimized  to  provide  the  correct  longitudinal 
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Table  1:  15-GHz  Prototype  Gun  RF  Parameters 


Parameter 

Value 

Frequency 

15  GHz 

Peak  accelerating  gradient 

200  MV/m 

Exit  beam  energy 

4MeV 

Charge  per  bunch 

InC 

Cathode  radius 

0.5  mm 

Emittance 

2  mm-mrad 

Shunt  impedance 

254  MQ/meter 

Q 

accelerating  field  for  the  desired  Tt-mode.  For  particle-in-cell 
simulations,  a  Gaussian  bunch  of  2-ps  length  (FWHM)  and  a 

total  number  of  particles  of  6  x  10^  (total  charge/bunch  =  1  nC) 
is  assumed  to  be  ejected  from  the  copper  cathode  surface  of 
radius  0.5  mm.  The  initial  velocity  of  the  bunch  is  assumed  to 
be  v=  0.01  c  with  a  peak  rf  accelerating  gradient  of  200  MV/m. 
Figure  1  shows  the  longitudinal  field  pattern  for  the  accelerated 
bunched  beam.  Figure  2  is  a  plot  of  the  particles’  energy  (y- 
distribution)  along  the  z-axis. 


Figure  1:  Longitudinal  field  for  the  accelerated  beam 


III.  PROTOTYPE  GUN  RF  MEASUREMENTS 

The  field  perturbation  method  was  employed  to  determine 
the  axial  field  distributions  of  the  excited  modes  in  the  15-GHz 
prototype  rf  gun  structure.  The  perturbation  is  achieved  by 
using  small  cylindrical  aluminum  beads  deposited  on  nylon 
lines  and  optical  fibers  with  a  diameter  of  -100  |im.  A  stepping 


Figure  2:  Particle  beam  energy  distribution 


motor  with  a  0.1 -p.m  minimum  step  size  was  used  to  pull  the 
bead  through  the  structure.  For  a  bead  having  a  dimension  that 
is  small  compared  to  the  structure  wavelength,  the  perturbation 
relation  is  given  by  [7] 


Af^3AV 
fo“  4U 


(6) 

where  E||  (Ej^)  and  H||  (Uj)  are  the  electric  and  magnetic  fields 
parallel  (perpendicular)  to  the  perturbing  object  axis  and  Fj^ 
(n=l,2,3,4)  are  the  perturbational  form  factors.  For  a  metallic 
sphere,  these  form  factors  are  all  equal  to  1  [7]. 

The  measurement  setup  (Figure  3)  consists  of  two  shorting 
plates  located  at  the  entrance  and  the  exit  of  the  structure  to 


Figure  3:  Bead  pull  field  measurement  setup 
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generate  a  standing  wave  field  pattern.  An  on-axis  hole  was 
drilled  in  each  plate  to  provide  an  opening  for  the  bead’s  travel 
path.  To  excite  the  longitudinal  electric  field,  a  field  probe  of 
1.194-mm  outer  diameter  was  fabricated.  An  identical  probe 
was  used  as  a  pickup.  Two  fiber  chuck  holders  held  the  ends  of 
the  fiber  line  while  the  bead  was  pulled  through  the  structure. 
The  bead  was  advanced  through  the  structure  in  small  incre¬ 
ments  (~94  |im/step)  through  computer  control  of  the  stepper 
motor.  At  each  bead  position,  the  phase  of  the  transmission 
coefficient,  S12,  was  measured  using  an  HP  8510  network  ana¬ 
lyzer  with  an  automatic  data  acquisition  system.  Figure  4  is 
the  frequency  spectrum  of  the  excited  modes  in  the  structure 
and  Figure  5  is  a  plot  of  perturbation  measurement  results  of 
the  7X-mode . 
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Figure  4:  Frequency  spectrum  of  the  excited  modes 


IV.  SUMMARY  AND  DISCUSSION 

A  30-GHz  photocathode  rf  gun  is  being  considered  as  a 
low  emittance  electron  source  for  a  short-wavelength  50-MeV 
single  pass  linac-driven  FEL.  To  understand  the  rf  properties  of 
the  high-frequency  rf  gun,  a  15-GHz  3  1/2-cell  copper  struc¬ 
ture  was  fabricated  and  bench  tested.  Numerical  modeling 
results  using  MAFIA  give  a  resonant  fi*equency  of  15  GHz  for 
the  desired  7t-mode  accelerating  field  with  a  shunt  impedance 
of  254MQ  /m  (Q=7000).  Beadpull  measurements  of  the  rf  gun 
resulted  in  15.5  GHz  for  the  ir-mode  with  a  shunt  impedance  of 
3.4  Mf2/m  (Q  =  312),  The  huge  discrepancy  between  the  cal¬ 
culated  and  measured  shunt  impedance  are  mainly  due  to 
mechanical  imperfections  of  the  cavity  during  fabrication.  This 
structure  was  fabricated  in  many  separate  pieces  with  relaxed 
tolerances  and  was  assembled  in  a  “Lego-Block”  manner  (i.e., 
it  was  fitted  inside  a  copper  block  with  a  set  of  bolts  and  nuts  to 
hold  it  together  at  both  ends).  This  resulted  in  poor  rf  contacts 


Mode  77 
15.5207  GHz 


Figure  5:  Perturbation  measurement  result  for  TT-mode 


between  pieces  (cells)  which  severely  affected  the  rf  measure¬ 
ments.  Improvements  on  the  structural  fabrication  and  mea¬ 
surement  methods  are  planned. 

V.  REFERENCES 

[1]  R.L.  Sheffield,  E.R.  Gray  and  J.S.  Fraser,  “The  Los  Ala¬ 
mos  Photoinjector  Program,”  NIM  A272,  222-226 
(1988). 

[2]  P.  O’Shea,  “High  Brightness  Photo-Cathode  Guns  for 
Single  Pass  X-Ray  FELs,”  I6th  International  FEL  Con¬ 
ference,  Stanford,  CA,  August  21-26,  1994. 

[3]  J.  Gao,  “Theoretical  Investigation  in  the  Optimization 
Design  of  Microwave  Electron  Gun,”  Proc.  12th  Free 
Electron  LAs er  Conference,  1990. 

[4]  K.  McDonald,  “Design  of  the  Laser-Driven  RF  Electron 
Gun  for  BNL  Accelerator  Test  Facility,”  IEEE  Trans. 
Electron  Devices,  35  No.  11,  2052-2059  (1988). 

[5]  K.-J.  Kim,  NucL  Instr.  and  Meth.  A  250  396  (1986). 

[6]  R.  Klatt,  et.  al., ’’MAFIA,  A  Three-Dimensional  Electro¬ 
magnetic  CAD  System,”  Proc.  of  the  1986  Linear  Accel¬ 
erator  Conference,  SLAC-303,  276-278  (1986). 

[7]  L.  C.  Maier  and  J.  C.  Slater,  “Field  Strength  Measure¬ 
ments  in  Resonant  Cavities,”  Journ.  Appl  Physics,  23, 
68-77  (1952). 


963 
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The  rf  gun  technology  is  of  increasing  interest  due  to  its 
promising  ability  of  producing  high-brightness  electron  beams. 
Therefore  it  is  a  very  attractive  injector  for  any  accelerator 
system  demanding  high  current  or  low  emittance  beams,  such  as 
free  electron  lasers,  linear  colliders  and  other  advanced 
accelerator  applications.  It  is  desirable  to  develop  this  technology 
at  SRRC  for  future  applications.  The  prototype  cavities  were 
fabricated  and  the  low  power  level  rf  measurements  were 
performed.  The  preliminary  results  are  presented. 

1.  INTRODUCTION 

Since  the  invention  of  the  rf  gun  around  mid  eighties  [1,2],  it 
has  attracted  more  than  thirty  research  projects  worldwide  [3]. 
Tae  promise  of  the  photocathode  rf  gun  to  offer  a  high-brightness 
electron  source  has  made  many  applications  possible. 

We  plan  to  develop  this  technology  at  the  Synchrotron 
Radiation  Research  Center  (SRRC).  Since  the  S-band  rf  gun 
system  of  the  type  developed  by  the  Brookhaven  National 
Laboratory  (BNL)  [4]  has  been  widely  used  in  many  places,  and 
the  linac  frequency  of  the  SRRC  booster  synchrotron  is  also 
around  3  GHz,  we  decided  to  investigate  this  system  as  a  start. 
The  first  step  was  to  scale  the  frequency  from  2856  MHz  of  the 
BNL  gun  up  to  around  3  GHz  of  our  linac  frequency  by  using  the 
URMEL  code.  For  the  purpose  of  a  quick  start,  we  sent  the  very 
primitive  design  for  the  fabrication  of  a  prototype  copper  cavity 
without  further  optimization  yet.  We  would  like  to  gain  more 
experiences  for  tuning  this  one  and  a  half  cell  structure  through 
the  cold  tests  first.  On  the  other  hand,  we  also  fabricated  an  L- 
band  (1.3  GHz)  rf  gun  prototype  cavity  of  the  same  type  used  in 
the  AWA  project  [5],  We  made  low  level  rf  power  measurements 
for  both  gun  cavities  using  the  HP8510C  network  analyzer. 

Recently,  we  are  also  involved  in  the  collaboration  for  the  X- 
band  (8568  MHz)  photoinjector  project  [6],  A  prototype  copper 
cavity  will  be  manufactured  very  soon. 

IL  EXPERIMENTAL  SETUP 

The  main  experiment  to  be  performed  is  to  measure  the  electric 


field  distribution  along  the  center  axis  of  the  cavity  in  the 
longitudinal  direction.  This  is  accomplished  by  the  frequency 
perturbation  method,  usually  called  the  bead-pull  measurement. 
The  whole  setup  for  the  bead-pull  measurement  of  the  S-band 
gun  cavity  is  shown  in  Fig.  1.  A  copper  bead  with  3.98  mm 
diameter  was  used  as  the  perturbation  object.  A  fishing  string 
passing  a  1  mm  diameter  hole  in  the  center  of  the  cathode  plug, 
the  copper  bead  and  the  end  cover  plate  of  the  cavity  was  laid  on 
the  V-shaped  grooves  of  the  pulleys.  One  of  the  pulley  was 
connected  to  a  driving  motor.  A  supporting  stand  was  made  to 
accommodate  the  gun  cavity  for  the  bead-pull  measurement.  The 
central  frame  which  is  detachable  from  the  supporting  stand  is 
used  to  hold  all  parts  of  the  cavity  and  waveguide  tightly  together. 
For  different  gun  cavities,  we  only  need  to  replace  the  central 
frame. 


Figure  1 .  Assembly  drawing  for  bead-pull  measurement 

We  have  not  installed  the  tuner  on  each  cell  yet.  At  present  we 
only  used  the  cathode  plug  for  tuning  purpose.  The  cathode  plug 
is  made  as  big  as  6  cm  in  diameter  to  avoid  the  high  field  area  for 
the  rf  choke  joint  surrounding  the  cathode.  We  hope  this  will 
reduce  the  arcing  around  the  choke  joint  under  high  power 
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operation.  The  cathode  surface  will  be  flush  with  the  cavity  inner 
surface  and  be  held  still  in  full  power  operation.  The  tuning  of 
field  balance  will  be  achieved  through  the  tuner  on  each  cell.  The 
resonant  frequency  of  the  structure  will  be  controlled  by  the 
cooling  temperature.  The  S-band  waveguide  is  shorted  on  one  end 
and  the  other  end  is  connected  to  the  network  analyzer  through  the 
WR284  waveguide  to  coax  adapter.  We  used  a  sliding  brass  block 
of  3  cm  thick  to  find  the  best  coupling  position  for  the  shorting 
plate. 

In  order  to  build  the  cooling  channel  inside  the  cavity  instead  of 
just  braze  it  on  the  outer  surface,  we  modified  the  outer  shape  of 
the  AWA  drive  gun  cavity  to  be  rectangular  for  easier  machining. 
Figure  2  shows  the  outlook  of  the  cooling  channel. 


Figure  2.  The  cooling  channel  for  the  AWA  dive  gun  cavity. 


III.  PRELIMINARY  RESULTS 

Before  the  bead-pull  measurement,  we  first  adjusted  the  sliding 
block  to  search  the  maximum  rf  power  coupling  position  for  the 
shorting  plate.  The  S-band  cavity  resonant  frequency  was  around 
2922  MHz.  It  was  found  a  shorting  plate  located  at  a  distance  of 
11.5  cm  from  the  center  of  the  coupling  hole  gives  the  best 
coupling.  This  distance  is  very  close  to  3/4  guide  wavelength 
which  is  11.78  cm. 

A  complete  turn  of  the  cathode  for  the  S-band  cavity  is  made  to 
be  1  mm.  Therefore  we  are  able  to  measure  the  frequencies  of  ti:- 
mode  and  0-mode  as  a  function  of  the  cathode  position.  The  results 
are  shown  in  Fig.  3.  We  did  notice  the  same  phenomenon  as 
observed  in  BNL  and  UQLA.  The  frequencies  of  both  tt  -mode  and 
0-mode  approach  each  other  when  the  cathode  surface  get  closer 
to  be  flush  with  the  cavity  inner  surface  and  then  turn  into  one 
another  when  the  cathode  is  away  from  the  inner  surface  of  the 
cavity. 


The  tuning  for  the  field  balance  on  both  cells  of  the  cavity  is  very 
sensitive  to  the  cathode  position.  The  field  balance  position  is 
around  where  both  tt -mode  and  0-mode  jfrequencies  approach  each 
other.  Figure  4  shows  a  bead-pull  measurement  result  where  the 
ratio  of  the  maximum  field  amplitude  in  the  first  cell  to  second  full 
cell  is  around  0.87.  The  cathode  surface  is  at  0.1 3  mm  outward 
from  the  cavity  inner  surface  for  this  case. 
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We  also  performed  the  bead-pull  measurement  for  the  AWA 
drive  gun  cavity.  We  compared  the  measurement  results  with  the 
URMEL  prediction  [7]  by  normalizing  both  field  amplitudes  to  be 
the  same  around  the  cathode  surface.  Figure  5  shows  the 
consistency  between  URMEL  calculation  and  the  measurement. 


Figure  5:  E-field  distribution  on  axis. 
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The  quality  factor  for  the  1.3  GHz  AWA  gun  cavity  was 
measured  to  be  around  12827  which  is  very  close  to  what  they 
measured  before  [7]. 


IV.  SUMMARY 

We  performed  some  cold  tests  for  both  3  GHz  and  1 .3  GHz  rf 
gun  cavity.  The  preliminary  results  show  good  agreements  with 
URMEL  prediction  and  previous  works  performed  at  other  places. 
But  it’s  only  a  beginning  of  a  more  complete  investigation.  After 
that  we  will  begin  to  send  the  cavity  for  a  vacuum  furnace  brazing. 
Also  as  mentioned  before,  the  X-band  prototype  cavity  will  be 
fabricated  in  the  near  future. 
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Abstract 

The  design,  construction  and  testing  of  a  high  brightness  high 
bunch  charge  RF  photoinjector  matching  the  requirements  of  the 
TESLA  Test  Facility  is  discussed.  Engineering  design  work,  the 
results  of  cold  test  measurements,  and  the  planned  experimental 
program  are  presented.  Conceptual  design  work  leading  to  an 
advanced  high-brightness  asymmetric  emittance  RF  photoinjec¬ 
tor  for  application  to  TESLA500  is  also  briefly  discussed. 

L  INTRODUCTION 

The  TESLA  Test  Facility  (TTF),  as  proposed,  is  a  500  MeV 
superconducting  linac  designed  to  study  technological  issues  in¬ 
volved  in  constructing  and  operating  TESLA500,  a  0.5  TeV  su¬ 
perconducting  linear  accelerator.  Studies  of  higher  order  mode 
power  deposition  at  cryogenic  temperatures  will  require  a  train 
of  bunches  with  the  same  frequency  spectrum  as  will  be  present 
at  TESLA500.  The  combination  of  relatively  high  bunch  charge 
(8  nC),  short  pulse  length  (1  mm),  moderate  transverse  emit- 
tances  (<  20  tt  mm-mr)  and  long  pulse  train  (800  pulses  with 
Ifis  spacing)  make  the  design  challenging.  In  addition,  the  po¬ 
tential  for  operating  the  gun  over  a  large  range  of  bunch  charges 
(0.5  nC  to  1 0  nC),  a  range  of  accelerating  gradients  (35  MV/m  to 
50  MV/m)  and  with  different  focussing  fields  required  a  flexible 
focussing  assembly.  Asymmetric  transverse  emittances  of  1  tt 
mm-mr  vertically  and  20  tt  mm-mr  horizontally  are  required  for 
TESLA500,  and  are  potentially  achievable  directly  from  an  RF 
photoinjector,  eliminating  the  need  for  an  electron  damping  ring. 
Given  that  the  long  pulse  trains  demand  large  damping  rings, 
elimination  of  the  electron  damping  ring  would  represent  a  sig¬ 
nificant  cost  savings. 

IL  DEVELOPMENT 

A.  Symmetric  Emittance  Photoinjector  for  TTF 

An  injector  producing  the  required  bunch  properties  and  pulse 
train  structure  was  designed  with  the  space  and  RF  power  con¬ 
straints  of  the  TTF  in  mind.  A  Brookhaven-style[2]  1  1/2  cell 
TT-mode  structure  was  modified  to  operate  at  1.3  GHz  with  sub¬ 
stantially  increased  (factor  of  5)  intercell  coupling  to  reduce  field 
balance  tuning  sensitivity.  A  single-cell  iris  coupler  drives  the 
full  cell  only,  leaving  clear  sufficient  space  to  mount  a  focussing 
solenoid  over  the  half  cell,  shown  in  figure  1.  An  additional  fo¬ 
cussing  solenoid  follows  immediately  after  the  gun  to  provide 
a  continuously  variable  magnetic  center  of  the  focussing  lens, 
a  flexibility  that  will  allow  wide  ranging  examination  of  space 

*  operated  by  the  University  Research  Association,  Inc.,  under  contract  with 
the  U.S.  Department  of  Energy 


charge  emittance  compensation[3]  over  a  wide  range  of  bunch 
charges. 


Figure.  1.  Symmetric  emittance  photoinjector 


The  gun  is  followed  by  a  drift  to  allow  the  space  charge  in¬ 
duced  correlated  emittance  growth  to  reverse  before  entering  a 
moderate  gradient  (15  MV/m)  linac.  At  the  TTF,  the  linac  will  be 
a  9-cell  superconducting  structure,  and  thus  studies  of  dark  cur¬ 
rent  deposition  were  carried  out,  and  have  shown  that  strategic 
placement  of  several  collimators  ahead  of  the  linac,  together  with 
the  strong  overfocussing  that  naturally  occurs  from  the  emittance 
compensating  solenoid,  are  enough  to  reduce  the  dark  current 
reaching  the  linac  by  two  orders  of  magnitude.  Initial  testing 
of  the  injector  at  the  Argonne  Wakefield  Accelerator  (AWA)  Fa¬ 
cility  will  be  carried  out  with  a  retrofitted  copper  9-cell  TESLA 
structure  to  reproduce  the  spatial  field  profiles  of  the  actual  struc¬ 
ture. 

The  linac  is  rephased  to  impart  a  negative  sufficient  to  per¬ 
mit  pulse  compression  by  a  factor  of  two  in  a  dispersive  chi¬ 
cane.  A  positive  time  dispersion  in  the  chicane  is  chosen  to 
cause  the  space  charge  forces  to  oppose  the  compression,  stabi¬ 
lizing  against  charge  fluctuations.  The  compression  chicane  is 
composed  of  four  identical  C-frame  dipoles  with  moderate  field 
strength  (0.9  kG)  and  a  suitably  formed  vacuum  chamber  with 
collimation  slits  placed  in  the  maximum  dispersion  region  to  per¬ 
mit  momentum  collimation  of  the  beam. 

Numerical  simulation  of  all  components  of  the  injector 
was  carried  out  using  a  version  of  the  beam  dynamics  code 
PARMELA  modified  to  accept  externally  generated  field  maps 
for  RF  cavity  and  static  magnetic  focussing  fields.  RF  field  pro¬ 
files  for  the  gun  and  linac  cavities  were  derived  from  Superfish 
runs,  and  static  field  profiles  for  the  solenoid  focussing  assem¬ 
bly  were  derived  from  Poisson  runs.  Table  I  below  outlines  the 
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Figure.  2.  Symmetric  RF  Photoinjector  Test  Layout  (top),  Emittance  and  Beam  Size  Evolution  the  Injector  (bottom) 


predicted  performance  of  the  TTF  injector  prototype  from  sim¬ 
ulations.  Transverse  emittances  are  listed  as  full-width-at-half- 
maximum  emittances,  as  would  be  measured  using  a  slit  emit¬ 
tance  mask  and  phosphor  screen,  while  longitudinal  emittance 
is  listed  as  100%  RMS.  All  emittances  are  normalized.  Figure  2 
shows  the  proposed  beamline  layout  for  the  prototype  tests  at  Ar- 
gonne,  together  with  emittance  and  beam  size  evolution.  The 
longitudinal  emittance  has  been  scaled  by  a  factor  of  0.25  and 
the  bunch  length  has  been  scaled  by  a  factor  of  5  to  permit  dis¬ 
play  on  the  same  axis  as  the  other  quantities. 


Parameter 

Value 

Bunch  Charge 

8nC:::=  5  X  lO^^C- 

Laser  pulse  length  FWHM 

7.4  ps 

Launch  Phase  (w.r.t.  Ez  —  0) 

50° 

Beam  radius  at  cathode 

6.53  mm 

Peak  field  on  cathode 

,  35  MV/m 

Post-Gun  Energy 

3.8  MeV 

Average  Linac  Gradient 

15  MV/m 

Post-Linac  Energy 

18.5  MeV 

Horizontal  Emittance 

19.37rmm-mr 

Vertical  Emittance 

19.77rmm-mr 

Longitudinal  Emittance 

189  deg-keV 

Momentum  Spread 

1.15% 

Bunch  Length 

0.74  mm 

Peak  Current 

1.28  kA 

Table  I 

Predicted  performance  of  the  symmetric  injector 


Thermal  analysis  of  the  injector  structure  under  the  1%  duty 
cycle  of  TTF  has  been  carried  out.  The  peak  power  dissipation 
of  4.5  MW  (corresponding  to  a  peak  cathode  field  of  50  MV/m) 


during  the  >  1  ms  RF  pulse  has  been  found  to  cause  less  than  6 
kHz  detuning  of  the  cavity,  or  less  than  a  twentieth  of  the  cavity’s 
3  dB  bandwidth,  a  frequency  change  that  can  be  compensated  for 
by  a  low  bandwidth  feedforward  system.  Structural  stress  anal¬ 
ysis  using  ANSYS  shows  that  the  peak  stress  intensity  does  not 
exceed  40  MPa,  safely  below  the  yield  strength  of  OFHC  copper, 
76  MPa.  In  anticipation  of  possible  microphonic  detuning  of  the 
cavity  from  turbulent  water  flow  in  the  cooling  channels,  a  chan¬ 
nel  of  geometry  similar  to  the  proposed  cooling  channels  for  the 
high  duty  cycle  gun  have  been  included  in  the  prototype.  Defor¬ 
mation  measurements  show  the  deformation  due  to  110  psi  pres¬ 
surization  is  1.7  fim.  Pressure  fluctuations  due  to  turbulence  are 
generally  less  than  AP/Po  oc  10”^  for  non-erosive  flow  rates, 
and  thus  the  amplitude  of  wall  vibrations  will  be  completely  neg¬ 
ligible. 

Cold  testing  of  the  gun  structure  has  been  carried  out  on  a  com¬ 
posite  copper/brass  model.  The  coupling  has  been  measured  at 
0.21  %,  in  reasonable  agreement  with  the  Superfish-calculated 
value  of  0.19  %.  Tuning  characteristics  of  the  cathode  (which 
is  mounted  on  a  micrometer)  and  a  separate  paddle-style  tuner 
in  the  full  cell  have  been  examined,  and  also  found  in  reason¬ 
able  agreement  with  simulation.  Field  profiles  derived  from  res¬ 
onant  frequency  perturbation  methods  closely  correspond  to  ex¬ 
pectations  from  Superfish  calculations,  as  shown  in  figure  3  be¬ 
low.  Measurements  of  the  dipole  shift  in  the  full  cell  induced  by 
the  input  coupler  show  less  than  1 . 1  mm  (  1/200  of  an  RF  wave¬ 
length)  deviation  from  the  geometric  center  of  the  structure,  as 
is  shown  in  figure  3  below.  Data  for  the  longitudinal  field  pro¬ 
file  were  taken  at  monotonically  increasing  longitudinal  coordi¬ 
nate,  while  transverse  data  were  taken  in  random  order,  illustrat¬ 
ing  more  clearly  the  contribution  to  the  resonant  frequency  shift 
from  thermal  effects  during  the  measurement. 

Preliminary  calculations  [4]  have  shown  that  the  beam  density 
is  high  enough  to  generate  significant  coherent  synchrotron  ra¬ 
diation  in  the  compression  chicane  at  wavelengths  comparable 
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Figure.  3.  Measured  and  calculated  longitudinal  and  transverse  Figure.  4.  Transverse  field  profiles  of  the  TMqio  mode 
field  profiles  for  the  symmetric  gun  structure 


to  the  bunch  length  (1  mm).  Further  simulation  work  is  under¬ 
way  at  this  time,  including  modification  to  PARMEL  A  to  include 
retardation  and  radiation  effects  in  the  space  charge  calculation. 
The  vacuum  chamber  in  the  dipole  chicane  will  be  fitted  with  a 
tangent  optical  viewport  in  the  final  dipole  (where  beam  density 
and  radiation  intensity  are  maximum)  to  allow  observation  of  the 
emitted  IR  synchrotron  radiation. 

Commissioning  of  the  symmetric  emittance  photoinjector  is 
scheduled  to  take  place  mid-summer,  with  preliminary  high 
power  RF  testing  of  the  linac  structure  occurring  earlier.  Full 
testing  of  the  injector  including  pulse  compression  is  expected  by 
year’s  end.  In  addition  to  a  full  characterization  of  the  gun,  emit¬ 
tance  compensation  studies  will  be  carried  out  using  the  dou¬ 
ble  solenoid  to  examine  the  effects  of  lens  location  and  strength 
on  emittance  compensation.  A  unique  time-resolved  emittance 
measurement  using  a  streak  camera  to  streak  the  light  from  a 
Cerenkov  gas  cell  placed  to  intercept  the  beamlets  generated 
from  a  slit  emittance  mask  will  be  attempted,  to  provide  the  first 
experimental  verification  of  the  physical  mechanism  of  emit¬ 
tance  compensation, 

B.  Asymmetric  Emittance  Photoinjector  for  TESLA500 

Emittance  compensation  for  the  fiat  beam  photoinjector  re¬ 
quires  the  use  of  quadrupoles  to  focus  the  beam  in  both  planes, 
as  solenoidal  focussing  would  couple  the  transverse  phase  planes 
and  results  in  severe  degradation  of  the  small  vertical  emittance. 
A  quadrupole  doublet,  positioned  around  the  gun  itself,  provides 
the  initial  focussing  kick  for  compensation.  A  subsequent  triplet 
at  the  exit  of  the  gun  allows  for  matching  the  beam  into  the  sub¬ 
sequent  linac  section  for  further  acceleration.  Initial  studies  have 
demonstrated  compensation  for  the  vertical  emittance,  while  the 
planned  approach  of  using  substantial  guard  charge  at  the  hor¬ 
izontal  extrema  of  the  bunch  to  minimize  the  nonlinear  space 
charge  emittance  growth  of  the  core,  followed  by  collimation 
of  the  nonlinearly  heated  portions  of  the  bunch  at  the  horizon¬ 
tal  edges  after  further  acceleration  has  reduced  the  space  charge 
forces. 

After  considering  a  number  of  geometries,  an  RF  structure 
suitable  for  accelerating  a  flat  beam  with  minimal  energy  spread 
and  minimal  coupling  of  the  transverse  phase  planes  a  struc¬ 
ture  composed  of  shorted  sections  of  ridged  waveguide  was  cho- 
sen[5].  Field  profiles  from  Hewlett  Packard’s  High  Frequency 
Structure  Simulator  in  figure  4  below  show  that  a  very  large  flat- 
field  region  is  available  for  accelerating  large  aspect  ratio  beams. 


Testing  of  the  asymmetric  gun  structure  will  proceed  with 
fabrication  of  a  cold  test  model  to  examine  field  balance  and 
field  flatness  issues.  Powered  testing  of  the  injector  at  the  AWA 
reusing  the  injector  beamline  and  diagnostics  developed  for  the 
symmetric  TTF  gun  prototype  is  tentatively  planned  in  the  com¬ 
ing  year. 

III.  CONCLUSION 

Design  of  an  input  coupler  for  the  normal  conducting  9-cell 
TESLA  structure  and  subsequent  testing  at  operating  RF  power 
levels  will  complement  the  gun  construction  activities,  leading 
to  first  beam  dynamics  studies  of  the  gun  by  mid  summer.  The 
linac  and  compression  chicane  will  be  commissioned  in  early 
fall,  with  design  of  the  full-power  TTF  gun  structure  following 
shortly  thereafter.  A  continued  attack  on  the  beam  dynamics  is¬ 
sues,  and  construction  of  a  cold  test  model  of  the  RF  structure 
will  form  the  main  asymmetric  injector  effort. 
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Photoinjectors  are  becoming  the  electron  source  of  choice 
for  high  brightness,  high  current  applications  such  as  very- 
short  wavelength  free-electron  lasers  and  electron  linear 
colliders.  In  both  of  these  applications  the  electron  beam  will 
be  bunched  to  a  multi-kiloampere  current  from  its  initial  value 
of  a  few  hundred  amperes.  The  performance  of  such 
aggressive  bunchers  is  very  sensitive  to  the  correlations  in  the 
longitudinal  phase  space.  One  of  the  major  performance¬ 
determining  factors  is  the  timing  of  the  injection  of  the 
electrons  in  the  gun  relative  to  the  rf  field.  Of  particular 
concern  is  the  jitter  of  the  drive-laser  timing  and  amplitude. 
We  develop  a  model  of  the  system  and  use  it  to  study  the 
implications  for  photoinjector  design* . 

INTRODUCTION 

In  the  past  decade  the  invention  and  refinement  of  the  rf 
photocathode  gun  has  resulted  in  a  dramatic  improvement  in 
electron  beam  brightness  over  that  delivered  by  conventional 
injectors  [1].  As  rf  photocathode  guns  evolve  from  being 
laboratory  curiosities  they  are  being  considered  as  electron 
sources  for  such  challenging  applications  as  linear  colliders 
and  single-pass  x-ray  free-electron  laser  amplifiers. 

Previously,  the  primary  beam  characteristics  of  interest 
have  been  charge,  current,  emittance  and  brightness.  Recently, 
Travier  [2]  has  reported  the  results  of  a  survey  of  the 
photoinjector  community  where  the  primary  concern  of  the 
experimenters  has  been  drive-laser  stability.  A  number  of 
proposed  machines,  including  electron  linear  colliders  and 
single  pass  X-ray  free-electron  lasers,  require  that  the  beam  be 
bunched  by  a  factor  of  ten  or  more.  Consider  the  Linac 
Coherent  Light  Source  (LCLS)  [3],  a  proposed  single  pass  X- 
ray  PEL  at  SLAC,  as  an  example  system. 

The  final  specifications  of  the  LCLS  are  still  in  flux, 
however  the  following  design  guidelines  provide  a  basis  for 
discussion  in  this  paper.  The  rf  photocathode  gun  will  generate 
a  beam  with  3-10  MeV,  1  nC  in  a  2  ps  rms  bunch  and  a 
normalized  rms  emittance  of  1  tt  mm-mrad  and  an  rms  energy 
spread  of  0.2%.  The  beam  will  be  accelerated  to  7  GeV  and 
compressed  by  a  factor  of  ten  to  reach  a  peak  current  of  2.5 
kA.  The  compression  will  occur  in  two  stages:  a  factor  of  two 
at  100  MeV  and  a  further  factor  of  five  at  2  GeV.  The  gain 
length  of  the  PEL  is  very  sensitive  to  both  the  emittance  and 
the  peak  current  of  the  beam  [3].  The  transverse  emittance 
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required  is  approximately  a  factor  of  two  better  than  has  been 
demonstrated  in  an  rf  photocathode  gun  to  date.  The  bunching 
is  very  sensitive  to  the  longitudinal  phase  space  of  the  bunch 
and  hence  to  timing  and  amplitude  jitter  in  the  rf  gun  [4].  The 
stability  required  is  somewhat  better  than  has  been 
demonstrated  in  operational  photoinjectors. 

As  indicated  above  the  bunching  schemes  necessary  for 
the  LCLS  require  precise  control  of  the  phase-energy 
correlations  in  longitudinal  phase  space.  Phase  jitter  of  the 
drive  laser  relative  to  the  gun  rf  fields  impacts  both  the  phase- 
energy  correlation  at  the  gun  and  the  evolution  of  the 
correlations  in  the  linac.  Current  jitter  in  the  gun  alters  the 
Wakefield  induced  phase  space  distortions.  Because  of  phase 
buffering  in  the  gun,  the  phase  jitter  of  the  beam  in  the  linac  is 
not  necessarily  equal  to  that  of  the  drive-laser  relative  to  the  rf 
phase. 

JITTER  SENSITIVITY 


To  evaluate  the  sensitivity  of  the  bunching  to  drive-laser 
phase  jitter  we  use  a  simple  model  in  which  we  assume  that 
the  correlated  energy  spread  is  much  greater  than  the 
uncorrelated  energy  spread  and  y  »1,  where  y  is  the  electron 
energy  divided  by  its  rest  energy.  Then  we  may  write  the 
bunching  ratio  (B)  i.e.  the  ratio  of  the  bunch  length  after  {(5^^ 
and  before  bunching  as: 


27tfR56 

3y 

cy 

27CfR55 


Cot(|), 


(1) 


where  f  is  the  rf  frequency,  c  is  the  velocity  of  light,  is  the 
asymptotic  phase  in  the  linac  before  the  buncher  of  the  bunch 

At 

centroid  relative  to  zero  rf  phase,  R56  = - —  is  the  bunching 

Ap/p 

parameter  of  the  buncher.  The  sensitivity  of  B  to  injection 
phase  of  the  drive-laser  ((^^)  is: 

3B  _  8B  27tfR56  0<|)b  ^2) 

3(|)o  3(|)o  csin^(|)B  3<))o 


where  the  positive  sign  corresponds  to  under  compression  and 
the  negative  to  over  compression  in  the  buncher.  In  general  in 
a  multi-section  linac  ((>6  ^  <t)G » Ihe  asymptotic  phase  at  the  end 
of  the  gun.  For  y  »1  at  the  end  of  the  gun  we  can  write 


^.ikinEq.2. 

3(()o  3<|)o 


Our  concern  is  with  the  sensitivity  of  to  variation  in 
Travier  [5]  has  shown  (using  a  combination  of  Kim’s  theory 
[6]  and  simulation)  that  the  asymptotic  phase  (^q)  of  the 


0-7803-3053-6/96/$5.00  ©1996  IEEE 


970 


central  particle  in  the  bunch  at  the  end  of  the  gun,  for  y  »  1 , 
is  given  in  terms  of  its  injection  phase  at  the  cathode  as: 

1  n 


2asin(<i)o  + — =) 


15a 


(3) 


where  a  =  eEo/47cfmc  with  e  the  electronic  charge,  m  its  mass, 
Eq  is  the  peak  accelerating  electric  field.  Differentiation  of  Eq. 
(1)  with  respect  to  gives: 
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In  Fig.  1  and  subsequent  figures  we  compare  two 
common  photoinjector  cases: 

a)  f  =  2856  MHz  and  E^  =  100  MV/m,  i.e.  a  =  1.63. 

b)  f  =  1300  MHz  and  E^  =  25  MV/m,  i.e.  a  =  0.89. 

We  see  that  there  can  be  significant  buffering  of  the  phase 
jitter  for  small  Therefore  sensitivity  of  the  bunching  ratio 
to  phase  jitter  can  be  significantly  reduced  by  running  at  small 

<l>0 

The  asymptotic  phase  (and  hence  the  bunching  ratio)  is 
also  sensitive  to  the  accelerating  gradient  in  the  gun  E^,  Fig.  2 

shows  a  plot  of  versus  injection  phase.  The  sensitivity  to 
3Eo 

fluctuations  in  E^  is  small  but  may  not  be  negligible. 
Fluctuations  in  gun  current  will  result  in  changes  in  E^  to  an 
extent  dependent  on  the  beam  loading  and  cavity  Q  of  the  gun. 
In  contrast  to  the  phase  sensitivity,  gradient  sensitivity  is 
minimized  for  larger  If  we  ignore  current  fluctuations  it 
should  be  possible  to  stabilize  the  accelerating  gradient  to 
approximately  0.1%. 

The  fractional  change  in  the  mean  energy  of  the  beam  at 
the  exit  of  the  gun  is  given  approximately  by: 

'  (5) 


Yg  9<I>o  9<t>o 

For  an  FEL  driven  by  such  a  beam  the  FEL  wavelength  jitter 

will  be  given  by  — =  2^^COt{(l)Q) ,  Eqn.  (5)  is  plotted 

X  3<t)o  9(l)o 


in  Fig.  3  for  the  two  cases  of  interest.  Note  that  that  the  energy 
shift  becomes  negative  when  >  nf2.  It  is  evident  that  the 
energy  of  the  beam  is  most  sensitive  to  phase  fluctuations  for 
^oe[20,30]^ 

The  requirement  to  minimize  the  transverse  emittance 
generally  requires  that  c|)g  ~  7^/2.  [6]  This  results  in  the 
requirement  that  (t)^-  30°  for  the  1300  MHz  gun  and  up  to  60° 
for  the  2856  MHz  gun,  however,  this  may  differ  from  one 
design  to  another  depending  on  whether  emittance 
compensation  is  used  on  the  relative  importance  of  space- 
charge  and  rf  induced  emittance  growth.  [6,  7].  It  is  evident 
from  Eq.  (2)  that  sensitivity  to  jitter  may  be  reduced  by  having 
two  bunchers  one  of  which  over  compresses  and  one  of  which 


under  compresses  so  as  to  cause  the  jitters  to  cancel. 
Simulations  [4]  with  twin  bunchers  indicate  that  the  tolerance 
for  phase  jitter  is  ±  0.45°  (±  0.5  ps)  and  the  gun  current  jitter 
tolerance  is  ±  2.2  %.  The  choice  of  injection  phase  will  depend 
on  compromise  between  bunching  stability  (governed  by 
achievable  drive-laser  stability)  and  transverse  emittance 
considerations. 


T - 1 - 1 - 1 - 1 - 1 - 1 

Injection  Phase  <j>Q(deg.) 


Fig  1.  Asymptotic  phase  jitter  sensitivity  versus  injection 
phase 
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. f  =  1300  MHz,  E^=25MV/m 

- f  =  2856  MHz,  =  100  MV/m 


1  I  I  I  I  I  I 

Injection  Phase  <f)o(deg.) 


Fig  2  Sensitivity  of  asymptotic  phase  to  accelerating  gradient 
jitter  versus  injection  phase 
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Fig.  3.  Fractional  energy  shift  per  degree  phase  change  at 
asymptotic  phase  for  y  »  1,  versus  injection  phase. 

DRIVE  LASER  STABILITY 

There  are  currently  two  types  of  mode-locked  lasers  in 
common  use:  fourth  harmonic  Nd:YAG  or  Nd:YLF  [2,8]. 
Recently  3  rd  harmonic  Ti:SAF  is  being  studied  for  producing 
very  short  (sub-picosecond)  pulse  lengths  [9].  When  operated 
under  ideal  conditions,  the  phase  and  amplitude  jitter  of  mode- 
locked  lasers  can  be  very  small  i.e.  <  1  ps  and  1%  peak  to 
peak  respectively.  The  long-term  performance  of  drive  lasers 
has  been  degraded  by  some  or  all  of  the  following  conditions: 
poor  temperature  control,  a  non  clean-room  environment, 
cavitation  in  cooling  water,  and  flash-lamp  and  harmonic 
crystal  aging. 

The  most  extensively  studied  drive-laser  has  been  that  of 
the  second-harmonic  Nd:YLF  laser  at  the  APEX  facility  in 
Los  Alamos.  The  published  data  for  pulse-to-pulse  energy 
stability  has  been  reported  to  be  between  l%-5%  peak  to  peak 
[10].  Phase  jitter  with  respect  to  the  rf  has  been  reported  to  the 
order  of  5  ps  peak-to  peak  over  short  time  scales  (seconds) 
with  10  ps  per  hour  long  term  drifts  [10,1 1]. 

Unpublished  data  [24]  from  APEX  show  that  phase  jitters 
of  2  ps  peak  to  peak  (0.5  to  1  ps  rms)  and  long  term  drifts  of  2 
ps  were  achieved  using  a  phase  mixing  technique  to  measure 
the  phase  of  the  drive-laser  output  relative  to  the  rf  in 
conjunction  with  active  feed  forward  control. 

Spatial  jitter  of  the  drive  laser  spot  must  also  be 
considered.  Centroid  jitter  of  the  drive-laser  spot  will  result  in 
dipole  Wakefield  modes  being  excited  while  mode  shape  jitter 
will  result  in  higher-order  wakefield  modes.  Analysis  of 


centroid  jitter  indicates  that  a  factor  of  two  emittance  growth 
is  possible  in  a  1-nC  bunch  with  a  0.5  mm  transverse 
displacement  of  1-mm  drive-laser  spot  in  the  first  six  metres 
of  an  S-band  linac  [12].  Simulations  for  the  LCLS  indicate 
that  over  longer  distances  emittance  growth  of  50%  is  possible 
with  transverse  beam  displacement  of  as  little  as  10  pm  [13]. 
The  centroid  stability  of  a  2nd  harmonic  Nd:YLF  drive-laser 
spot  striking  the  cathode  at  close  to  normal  incidence  has  been 
demonstrated  to  be  approximately  50  pm  rms  over  a  few 
minutes  in  the  APEX  photoinjector  [11]. 

The  published  data  show  that  drive-laser  performance  will 
need  some  improvement  for  applications  such  as  the  LCLS.  It 
should  be  emphasized  that  most  drive-lasers  in  operation  to 
date  have  been  one  of  a  kind  prototype  lasers.  The 
introduction  of  commercially-produced  integrated  laser 
systems  along  with  the  use  of  diode  pumped  Nd:YLF 
oscillators  and  amplifiers  offers  the  possibility  of  significantly 
enhanced  performance.  Preliminary  results  [14]  with  such 
systems  indicate  sub-picosecond  phase  stability  and  less  than 
50  pm  transverse  centroid  jitter. 

CONCLUSION 

It  is  evident  that  jitter  considerations  should  be  taken  into 
account  in  designing  photoinjector  systems.  For  fixed  a  higher 
rf  frequencies  are  less  desirable.  We  have  not  addressed  the 
sensitivity  of  the  transverse  emittance.  This  is  of  particular 
importance  in  cases  where  compensation  for  space-charge 
induced  emittance  growth  is  used.  [15] 
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ASYMMETRIC  EMITTANCE  BEAM  GENERATION  USING 
ROUND  BEAM  RE  GUNS  AND  NON-LINEAR  OPTICS 
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LASA,  Via  Fratelli  Cervi,  201,  20090  Segrate  (MI),  Italy 


ABSTRACT 

Future  generation  electron-positron  linear  colliders  need 
asymmetric  flat  beams  in  order  to  properly  control  the  beam- 
beam  interaction  at  the  final  focus.  Room  temperature 
collider  designs  ask  for  normalized  rms  transverse  emittances 
which  look  not  attainable  by  RF  Photo-Injectors,  whilst  the 
requirements  of  the  TESLA  superconducting  collider 
(e^  =20  mm  mrad,  =  1  mm  mrad)  are  at  the  edge  of  the 

present  RF  gun  status  of  the  art,  except  for  the  asymmetric 
emittance  requirements.  In  this  paper  we  explore  the 
efficiency  of  conventional  round-beam  RF  guns  in 
conjunction  with  non-linear  optical  devices,  namely 
sextupole  triplets,  as  converters  of  round  beams  into  flat 
beams,  in  order  to  match  the  TESLA  specifications.  Basically 
the  beam  emittance,  at  the  exit  of  the  gun,  must  be  dominated 
by  non-linear  effects  (spherical  aberrations).  A  quadrupole 
doublet  and  a  sextupole  triplet,  placed  downstream  the  beam 
transport  line,  provide  respectively  a  geometric  astigmatism 
and  an  asymmetric  emittance  correction  in  the  vertical  and  in 
the  horizontal  phase-spaces.  The  possibilities  to  produce 
asymmetric  beams  using  this  technique  are  presented  here.  In 
Section  1  we  introduce  the  subject,  premises  and  general 
performances  of  the  device.  In  Section  2  we  give  results  of 
some  analytical  scaling  laws.  In  Section  3  we  show  some 
preliminary  simulations  of  ray-tracing  throughout  the 
structure. 

1.  INTRODUCTION 

The  present  study  arises  from  the  following 
considerations: 

1  -  a  consolidated  knowledge  of  state  of  the  art  RF-guns  to 

generate  high  quality  round  beams  (  =  2-4  mm  mrad). 

2  -  a  great  interest  in  finding  “slim”  structures  to  convert 
round  beams  into  asymmetric  beams,  which  may  offer  an 
alternative  to  the  damping  rings. 

3  -  there  exists  no  linear  transformation  that  allows  to 

increase  the  emittance  aspect  ratio  :  belonging  to  the 

class  of  simplectic  matrixes[l],  any  of  them  conserves  the 
squared  sum  e  ^  -H  e  ^  and  the  product  e  ^  •  e  ^ . 

Starting  from  these  assumptions,  we  found  that  non-linear 
optical  components  could  produce  asymmetric  emittances  if 
the  original  beam  emittance  (equal  in  both  planes)  is 
dominated  by  spherical  aberrations.  In  Fig.  1  we  present  a 
layout  of  the  non  linear  optical  system  (the  flat  beam 
converter)  which  accomplishes  this  task. 

0-7803-3053-6/96/$5.00  ©1996  IEEE 


Fig.  1:  Layout  of  the  flat  beam  converter. 


The  input  phase  space  can  be  described  by: 

Pro(ro)  =  Ci-ro+Cyr^ 

Pxo=CiXo+Cj{xl+yiyo  0<ro<Ro,C3>Q  1.1 

Pyo=CiyQ+c^{xl+yl)yQ 

It  has  been  shown[2]  that  disk-like  bunches  (geometric 
aspect  ratio  R/L»l),  generated  by  high  gradient  RF  guns 
(100  MV/m),  present  the  desired  phase-space  profile:  in 
laminar  flow  regime,  the  linear  correlation  gives  negligible 


while  the  third  order  correlation  becomes  dominant. 
Moreover,  depending  on  the  radial  charge  density  profile  at 
the  cathode,  from  pure  uniform  to  pure  gaussian,  spherical 
aberrations  assume  positive,  null  or  negative  values.  For  pure 
uniform  distributions  the  emittance  of  the  generated  beam 
shows  a  positive  spherical  aberration,  -c^Rq  , 

(^«r0  ”  ^^nx^o)  * 

The  beam  generated  by  the  RF  gun  is  then  driven  through 
a  solenoid,  a  quadrupole  doublet  and  a  sextupole  triplet.  The 
quadrupole  lens  is  set  to  provide  the  beam  with  a  proper 
astigmatism  ratio,  -  t ,  and  cancel  (double  waist) 

both  horizontal  and  vertical  linear  correlation.  The  sextupole 
lens[3]  applies  a  non  linear  radial  focusing  kick 
=  -a  ,  which  depends  on  the  integrated  gradient  of 
the  sextupoles  G^L  ,  the  drift  distance  between  the  sextupoles 
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g  ,  and  the  longitudinal  momentum  of  the  particles  , 

through  the  coefficient 

/  . 


a  =  ^- 


g 


■G.L 


K^oC  y 

The  sextupole  triplet  has  been  properly  matched  to  correct 
at  best  the  third  order  correlation  in  the  horizontal  phase- 
space.  Due  to  the  astigmatism,  in  the  vertical  phase-space, 
emittance  correction  cannot  be  optimized  at  the  same  time. 
This  is  the  origin  of  the  asymmetry. 

In  this  scheme  the  solenoid  has  a  secondary  role,  it  reduces 
the  transverse  divergence  of  the  electrons  at  the  entrance  of 
the  quadrupole  lens:  actually,  the  higher  is  the  particle  radial 
momentum,  ,  the  stronger  has  to  be  the  quadrupole 

focusing  powers  (to  have  a  double  waist.  Transverse 
momentum  corrections  consistently  influence  the  particles 
motion,  changing  their  longitudinal  momentum, 

Pz  =  ■  At  first  order,  Ap,_„„,  =  pl-JPz-in  i  the 

solenoid  is  then  inserted  to  lower  and  damp  undesired 
non-linear  effects. 

II.  ANALYTICAL  RESULTS. 

In  this  section  we  study  the  dynamics  of  the  particles, 
through  the  quadrupole  doublet  and  the  sextupole  lens.  We 
want  to  write  some  scaling  laws  to  describe  the  output  beam 
characteristics,  emittance  aspect  ratio  and  beam  brilliance. 
To  describe  the  efficiency  of  the  device:  we  follow  the  track 
of  a  particle  beam,  starting  with  an  emittance  dominated  by 
spherical  aberrations,  in  a  laminar  flow  regime.  The  results 
show  that  the  efficiency  of  the  device  depends  slightly  on  the 
input  characteristic  of  the  initial  beam  (charge,  energy, 
divergence,  strength  of  the  spherical  aberration...),  the 
dominant  parameter  being  only  the  beam  astigmatism  ratio  t, 
introduced  by  the  quadrupole  doublet. 

Let  Qy^  be  the  matrixes  of  the  quadrupole  doublet, 

1  o'] 

;  (2.1) 
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In  this  matrix  computation  we  have  disregarded  the 
existence  of  the  third  order  term  in  the  momentum 
expression,  thus  finding  the  best  quadrupole  settings  to 
cancel  the  linear  correlation.  Now  we  insert  expressions  for  A 
and  B  into  matrices  Qy^  and  apply  a  point  to  point  transport, 

using  the  third  order  expression  (1.1)  for  the  input  phase- 
space  (Fig.2).  Having  done  so,  the  beam  distribution  at  the 
exit  of  the  quadrupoles  is  described  by  the  equations  (Fig.3): 


Px\  - 


C3 


m 


(^?  +y?)' 


X,  -t- 


Pyi=^i^i+y\)yi  + 


(2.3a,b) 


The  particles  are  uniformly  distributed  over  an  ellipse  of 
semi-axes  >'imax  (^*3)  *^ot 

return  two  pure  spherical  aberrations.  We  can  look  at  them  as 
the  combination  of  a  pure  cubic  term,  respectively  of 
coefficient  c-.  im^  and  c^ln^  ,  and  a  residual  part,  given  by 
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^  2  ^ 

t  2  ^ 

y\  -^1  and 

t 

1 

[n  J 

r  n 

J 

where  1//^  5  =  qlmc- (the  focusing  powers  of  the 

quadrupoles)  and  d  (the  drift  distance),  represent  the  free 
parameters  ( are  the  integrated  gradients).  Since  we 

assume  a  laminar  flow  (the  divergence  depends  only  on  the 
radial  position  in  the  bunch)  we  may  apply  a  point  to  point 
computation  instead  of  matrix  transport.  The  double  waist 


that  is  not  removable  with  sextupoles.  It  is  clear  now  that  the 
efficiency  of  the  flat  beam  converter  has  to  deal  with  these 
terms.  Referring  to  the  astigmatism  ratio,  t=n/m,  we  see  that: 

-  the  closer  is  t  to  unity,  the  weaker  are  residuals:  no 
asymmetry  has  been  generated,  but  we  can  completely  cancel 
the  emittance; 

-  the  farther  is  t  to  unity,  the  larger  are  the  residuals:  there 
is  big  asymmetry  but  we  have  bad  chance  to  correct  any  of 
the  two  phase-spaces  for  their  consistent  residuals. 

Here  below  we  report  the  scaling  low  for  the  emittance 
variations,  ex:  =  e^/£^  and  ey  =  e^ /e^,  the  aspect 

ratio  e^/e^,  and  the  emittance  cross  product 
i^ny^rJIi^nyd^mo)  ^nits  of  the  initial  values),  obtained 
correcting  the  spherical  aberration  in  the  horizontal  motion, 
by  means  of  a  sextupole  triplet  of  strength  a  =  C3  /  : 


allows 


to  reduce  the  free  parameters  to  one,  and  to  express, 
Qy^  A!  f A, and  the  resulting  magnitude  factors  m  and  n,  as 

functions  of  d: 


II 

CO  1 

II 

h  +  l2t^  +9t*] 

(2.6) 

^  nx  5  V 

J 

Viol  .1 

er  = - 1-^ 

,  ^x  =  —\l-t^Us  +  l2■t^  +9  /‘‘ 

(2.7a,b) 
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Fig.  2:  Phase-space  of  a  spherically  aberrated  round  beam 
Fig.3:  Beam  phase-space  after  the  quadrupoles  (since  t=1.4>l, 
the  larger  dimension  is  y,  the  smaller  is  x). 

Fig.4:  Phase-space  after  the  sextupoles  (spherical  aberration 
has  been  corrected). 


As  brilliance  scales  like  ^ ,  the  product  P  is  an 

index  of  the  beam  degrade.  We  remind  that  t  is  the 
astigmatism  ratio  rn/n  between  the  vertical  and  the  horizontal 
orientation.  Hence,  choosing  to  damp  the  horizontal  emittance, 
for  t  <l  the  lower  emittance  is  assigned  to  the  larger 
dimension,  while  for  t  >1  the  lower  emittance  is  assigned  to 


converter  has  been  simulated  with  a  ray-tracing  code,  based  on 
the  thin  lens  approximation. 

A  comparison  between  simulations  (dotted  line)  and 
analytical  expressions  (solid  line)  is  shown  in  Figs.  5  and  6, 
where  the  emittance  aspect  ration  R(t)  and  the  emittance 
product  Pftj  are  plotted  as  a  function  of  the  astigmatism  ratio 
t.  When  the  astigmatism  is  null  (t=l)  the  solid  curves  do  not 
agree  with  the  results  from  the  scaling  laws,  because  the  latter 
assume  zero  thermal  emittances;  in  effect  the  thermal 
emittance  generated  by  ITAC  A  prevents  the  product  P( t)  from 
dropping  to  zero  and  forces  the  aspect  ratio  to  be  one.  Fig.  5 
and  6  also  show  that  high  values  of  aspect  ratios  cannot  be 
reached  without  degrading  the  beam  brightness:  the  optimal 
work-point  for  applications  is  close  to  t  =1  ,  but  strictly 
different  than  1.  For  l<f<2  we  may  reach  aspect  ratios  much 
larger  than  1  without  degrading  the  beam  too  much:  in 
particular  for  t  =1.30  and  R—3.2  we  fit  the  condition  of 
conservation  of  beam  brightness, 


Fig.  5  and  6:  aspect  ratio  and  emittance  product  comparison 
(see  text  for  further  details). 
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aspect  ratio  of  10.  The  beam  dynamics  through  the  flat  beam 
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Abstract 

The  Argonne  Wakefield  Accelerator  (AWA)  is  a  new  facility 
for  advanced  accelerator  research.  A  major  component  of  the 
AWA  is  its  drive  linac,  consisting  of  a  unique  high  current 
short  pulse  L-Band  photocathode  based  gun  and  special  standing 
wave  preaccelerator  designed  to  produce  100  nC,  30  ps  electron 
bunches  at  20  MeV.  Commissioning  on  the  drive  linac  is  now 
underway.  We  report  on  our  initial  operating  experience  with 
this  novel  machine,  including  bunch  length  and  emittance  mea¬ 
surements. 

1.  INTRODUCTION 

The  generation  of  high  accelerating  gradients  (>100 
MeV/m)  in  wakefield  structures  requires  a  short  pulse,  high  in¬ 
tensity  electron  drive  beam.  The  main  technological  challenge 
of  the  AWA  program  is  the  development  of  a  photoinjector  ca¬ 
pable  of  fulfilling  these  requirements.  In  the  past  year  we  have 
made  considerable  progress  towards  attaining  the  design  goals 
of  the  AWA,  and  in  this  paper  we  report  on  the  commisioning 
of  the  AWA  photoinjector  and  drive  linac.  The  main  emphasis 
so  far  has  been  measurement  of  beam  current  and  testing  var¬ 
ious  photocathode  materials.  A  general  overview  of  the  AWA 
program  may  be  found  in  [1]  and  references  therein. 

IL  PHOTOINJECTOR  AND  LINAC  STATUS 

The  gun  and  drive  linac  are  shown  in  fig.  1.  The  laser 
photocathode  source  was  designed  to  deliver  100  nC  bunches 
at  2  MeV  to  the  drive  linac.  Some  of  the  novel  features  in¬ 
corporated  into  the  gun  to  attain  high  intensities  include  a  large 
(2  cm  diameter)  photocathode,  a  large  accelerating  field  at  the 
photocathode,  the  use  of  a  curved  laser  wavefront,  and  nonlin¬ 
ear  focussing  solenoids  matched  to  the  angle-  energy  correlation 
computed  for  the  100  nC  bunch. 

Fine  tuning  of  the  gun  cavity  frequency  was  originally  ef¬ 
fected  by  moving  the  photocathode  plug.  To  attain  the  desired 
frequency  required  the  plug  to  extend  past  the  cavity  surface, 
causing  serious  arcing.  This  difficulty  was  overcome  by  sim¬ 
ply  installing  a  tuning  slug  on  the  outer  radius  of  the  gun.  The 
cathode  can  then  be  inserted  flush  with  the  cavity  surface. 

The  gun  cavity  is  presently  capable  of  operating  at  80%  of 
design  field  (75  MV/m  on  photocathode).  This  does  not  signif¬ 
icantly  impact  the  performance  of  the  source. 

The  laser  operates  at  a  wavelength  of  248  nm  and  can  pro¬ 
duce  3  ps  pulses  of  energy  in  excess  of  5  mJ.  In  order  to  mon¬ 
itor  the  position  of  the  laser  spot  on  the  photocathode  during 

*Work  supported  by  U.S.  Department  of  Energy,  Division  of  High  Energy 
Physics,  Contract  W-3 1-109 -ENG-38. 


machine  operation,  a  mirror  can  be  inserted  which  transports 
laser  light  reflected  from  the  photocathode  to  a  CCD  camera. 
The  laser  injection  mirror  can  be  adjusted  remotely  to  maintain 
proper  aligment  of  the  laser  spot.  For  initial  operations  the  laser 
pulse  shaping  system  was  not  installed;  all  results  so  far  have 
been  obtained  with  a  flat  laser  wavefront. 

The  linac  tanks  have  performed  without  serious  difficulties. 
The  rf  supply  is  currently  operating  at  a  lower  power  which 
limits  the  final  beam  energy  to  15  MeV. 


A  B  B 


Figure.  1.  Drive  linac.  A:  High  current  photocathode  gun, 
B:  Focussing  solenoids  (bucking  solenoid  not  shown),  C:  Linac 
cavities,  D:  Laser  port 


III.  DIAGNOSTICS 

A  temporary  diagnostic  beamline  is  installed  downstream 
of  the  linac.  Insertable  luminescent  screens  are  used  for 
beam  position  monitoring  and  beam  profile  measurements. 
Graphite/lead  beam  dumps  are  instrumented  as  Faraday  cups  for 
beam  intensity  measurements. 

Transverse  emittance  is  measured  using  a  "pepper  pot" 
emittance  plate.  A  quartz  Cherenkov  radiator  is  used  in  con- 
juction  with  a  streak  camera  for  measurements  of  bunch  length. 

IV.  INITIAL  RESULTS 

We  tested  a  number  of  different  photocathode  materials. 
Quantum  efficiencies  are  measured  at  very  low  laser  intensities 
so  that  space  charge  effects  are  negligible. 

For  simplicity  copper  was  chosen  for  the  initial  measure¬ 
ments.  We  observed  a  quantum  efficiency  of  4  x  10“^.  At  an 
intensity  of  30  nC/pulse  we  obtained  a  bunch  length  of  27  ps 
FWHM,  and  rms  emittance  17;r  mm  mr. 

The  quantum  efficiency  for  magnesium  is  known  to  be  large 
[4],  and  as  a  result  was  our  primary  choice  as  a  photocathode 
material.  Using  a  cathode  consisting  of  a  layer  of  Mg  mechani¬ 
cally  deposited  on  a  Cu  substrate  we  observed  beam  intensities 
of  >  110  nC/bunch  due  to  explosive  emission  [3]  of  electrons 
from  the  cathode  surface  when  the  laser  intensity  exceeded  ~  10 
mJ/cm^.  This  effect  results  from  a  discharge  on  the  cathode  sur¬ 
face  initiated  by  the  laser  but  continuing  beyond  the  duration  of 
the  laser  pulse. 
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Streak  camera  measurements  of  the  time  structure  show  the 
beam  consists  of  a  train  of  bunchlets  separated  by  one  rf  period 
(fig,  2).  The  length  of  the  macropulse  was  measured  to  be  <  25 
ns.  The  total  charge/macropulse  is  rather  stable  (~  10%  pulse  to 
pulse). 


explosive  mode  time  structure 


Figure.  2,  Streak  camera  measurement  of  the  time  structure  of 
the  beam  produced  by  explosive  emission  from  a  Mg  photocath¬ 
ode.  The  bunch  spacing  corresponds  to  one  rf  period. 


Laser  Energy  (mJ) 


Figure.  3.  Measured  beam  intensity  as  a  function  of  laser  en¬ 
ergy,  (Magnesium  photocathode). 


understood.  Nevertheless,  the  observed  quantum  efficiency  for 
Mg  is  sufficient  to  produce  100  nC  from  the  drive  gun  as  well 
as  supply  the  requirements  of  the  witness  gun  and  thus  meet  the 
goals  of  the  AWA  program. 

V.  FIRST  EXPERIMENTS 


Using  a  solid  Mg  photocathode  and  maintaining  a  suffi¬ 
ciently  large  laser  spot  on  the  cathode  so  that  the  explosive 
emission  threshold  was  not  exceeded,  we  were  able  to  study 
the  beam  produced  by  prompt  photoemission.  Up  to  about  40 
nC/pulse  the  scaling  of  transmitted  beam  intensity  (fig.  3)  is  lin¬ 
ear  with  laser  energy,  giving  a  quantum  efficiency  of  1.3  x  10^. 
At  higher  laser  intensities  the  beam  charge  begins  to  roll  off 
to  a  maximum  of  56  nC  at  4  mJ,  This  is  expected  based  on 
PARMELA  simulations  of  the  beam  dynamics  in  the  accelerator 
[2].  The  shape  of  the  fields  in  the  focussing  solenoids  was  op¬ 
timized  for  the  divergence  angle-  energy  correlations  computed 
for  the  beam  produced  by  a  curved  laser  wavefront.  We  do  not 
expect  to  transport  more  than  60  nC  using  a  flat  laser  wavefront. 

At  the  highest  intensities  observed,  the  spot  size  at  the  drive 
linac  exit  is  9  mm  (rms).  The  intensity  distribution  is  shown  in 
figure  4.  The  rms  width  is  6%,  consistent  with  the  level  of 
shot  to  shot  laser  energy  fluctuations.  We  have  not  yet  measured 
the  energy  and  bunch  length  for  the  highest  current  beams  ob¬ 
tained,  due  to  reconfiguration  of  the  diagnostic  beamline  for  the 
initial  plasma  wakefield  experiments. 

A  number  of  other  candidate  photocathode  materials  were 
evaluated.  Yttrium  was  found  to  have  a  low  quantum  efficiency 
~  1  X  10~^.  The  relatively  low  work  function  (2.9  eV)  of 
Calcium  made  it  appear  a  good  candidate  photocathode  material. 
We  observed  a  quantum  efficiency  however  of  only  ~  4  x  10"^. 

The  quantum  efficiency  found  for  Y  and  Mg  is  somewhat 
lower  than  other  measurements  [4].  The  reason  for  this  is  not  yet 


Experiments  planned  for  the  AWA  include  studies  of  di¬ 
electric  wakefield  structures  and  plasma  wakefield  acceleration. 
Some  initial  plasma  measurements  have  been  performed. 

A  second  rf  gun  designed  to  produce  witness  pulses  for 
wakefield  measurements  is  being  fabricated  and  is  described  in 
[6].  In  the  meantime,  a  second  method  for  generating  witness 
pulses  at  small  delays  has  been  developed  using  the  drive  linac 
alone  and  has  been  used  for  the  plasma  experiment  [5].  Using 
two  concentric  mirrors,  the  center  of  the  laser  pulse  is  delayed 
with  respect  to  the  outer  portion.  After  striking  the  photocath¬ 
ode,  two  bunches  are  produced.  Drive-  witness  bunch  separa¬ 
tions  of  30-  60  ps  are  obtained  by  this  technique.  Intensities  de¬ 
livered  to  the  plasma  source  are  1 1  nC  for  the  drive  bunch  and 
3  nC  for  the  witness. 

VL  CONCLUSIONS 

The  AWA  program  has  demonstrated  operation  of  a  unique, 
high  current  photoinjector.  The  design  goals  of  the  machine  are 
within  reach.  In  the  near  term,  the  laser  pulse  shaping  system 
will  be  installed,  which  should  permit  the  design  intensity  of 
100  nC/pulse  to  be  attained. 
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Figure.  4.  Charge/pulse  distribution  measured  over  several  min¬ 
utes  of  high  current  running.  The  low  tail  is  primarily  due  to 
laser  mis  triggers. 
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WITNESS  GUN  FOR  THE  ARGONNE  WAKEFIELD  ACCELERATOR 
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L  INTRODUCTION 

The  witness  gun  [1]  for  the  Argonne  Wakefield 
Accelerator  (AWA)  is  a  six-cell,  copper,  iris  loaded,  rf 
photocathode  operating  at  1.3  GHz  in  a  7c/2  standing  wave 
mode.  An  intense  drive  beam  (  up  to  100  nC  @  20  psec 
FWHM)  will  be  used  in  the  AWA  project  [2]  to  excite  (i.e. 
drive)  Wakefields  in  at  least  two  separate  test  devices:  a 
dielectric  loaded  cylindrical  waveguide  and  a  plasma  cell.  In 
both  cases  a  low  charge,  low  emittance  witness  beam  (0.1  nC 
charge,  1  TCmm-mrad  90%  physical  emittance)  is  required  to 
probe  (i.e.  witness)  the  Wakefields  left  behind  by  the  drive 
beam  [3].  This  paper  will  primarily  discuss  the  recent  progress 
in  the  construction  of  the  witness  gun,  while  also  briefly 
summarizing  the  central  design  issues  of  the  gun.  A  brief 
status  report  on  the  dielectric  witness  gun  option  is  also 
included.  We  conclude  with  a  short  statement  on  our  near  term 
future  plans. 

II.  MARK  IV  TYPE  WITNESS  GUN 


Energy 

90% 

Emittance 

Energy 

Spread 

Bunch 

Length 

4.53  MeV 

0.76 

Ttmmmrad 

0.5%  FW 

5.6  psec 

A.  Construction:  Tuning  and  Matching 


When  constructing  a  resonant  structure,  such  as  an  rf 
photocathode,  one  attempts  to  use  an  electromagnetic  mode 
solver,  like  URMEL,  to  obtain  the  cavity  dimensions. 
However,  the  dimensions  given  by  such  a  code  can  only  serve 
as  an  approximation  to  the  parameters  shown  in  figure  2. 
Therefore,  some  dimensions  must  be  left  undercut  so  that  the 
resonant  frequency  of  the  gun  can  be  fine  tuned  by  making 
small  machine  cuts.  The  problem  of  matching  or  coupling  rf  to 
the  gun  appears  to  be  intractable  by  any  means  except  tedious 
iterations  of  cutting  and  measuring.  In  any  case,  the  authors  of 
this  paper  are  unaware  of  either  analytic  or  computer 
techniques  capable  of  ameliorating  this  problem. 


The  conventional  copper  rf  photocathode  gun  that  we 
have  selected  to  build  is  actually  a  scaled  down  version  of  the 
s-band  Mark  IV  accelerator  that  was  used  at  SLAG,  as 
described  in  reference  [1].  Since  the  Mark  IV  Accelerator  was 
a  linac,  some  adjustments  were  made  to  turn  it  into  a 
photocathode  using  the  rf  design  code  URMEL.  The  witness 
gun  (fig  1)  has  a  photocathode  (dark  square)  in  the  first  1/2 
cell,  a  coupling  iris  in  the  fourth  full  cell  and  a  beam  exit  hole 
in  the  last  half  cell. 


While  radius  b  is  used  to  set  the  resonant  frequency  of  the 
gun,  the  other  dimensions  (fig  2)  are  arrived  at  in  the 
following  manner.  The  cell  length  d  is  chosen  by  setting  the 
phase  shift  (A^)  equal  to  the  desired  value  (n/2  in  the  case  of 
the  witness  gun)  and  then  satisfying  the  relationship 


V  . 

phase 

~T 


Once  d  is  fixed,  the  remaining  parameters  a  and  t  (fig  2)  are 
chosen  as  a  compromise  between  optimizing  for  mechanical 
strength,  high  shunt  impedance  and  strong  cell-to-cell 
coupling.  Thin  irises  walls  (small  t)  and  large  iris  radii  (large 
a)  give  strong  cell-to-cell  coupling  which  is  desirable,  but 
these  values  also  give  low  shunt  impedance  which  is 
undesirable.  For  an  excellent  discussion  of  the  problem  of 
tradeoffs  and  the  discussion  pertaining  to  the  Mark  IV 
accelerator  upon  which  this  gun  is  based,  see  reference  [4]. 


Figure  1  The  Mark  IV  Witness  Gun  with  Coupling  Iris  and 
photocathode  (dark  square)  shown. 

In  order  to  probe  the  test  devices  properly,  the  witness 
beam  must  have  a  kinetic  energy  of  four  to  five  MeV,  a 
physical  emittance  of  1  7cmm-mrad,  an  energy  spread  of  less 
than  1%  and  a  bunch  length  of  about  5  psec.  Extensive 
simulations  with  PARMELA  have  shown  the  Mark  IV  type 
gun  to  be  capable  of  achieving  the  design  parameters.  Using  a 
1.5  mm  spot  size  and  a  phase  launch  of  65  degrees  we  obtain 
the  following  results 


d 

b 

* 

Figure  2:  The  relevant  iris  loaded  cavity  dimensions  for  the 
code  URMEL.  (Iris  radius  a,  cavity  radius  b,  cell  length  d,  iris 
thickness  t.) 
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AJ  Tuning  the  gun  to  1300  MHz 

All  the  cavity  dimensions  were  machined  (fig.  2) 
according  to  the  URMEL  values  except  b,  the  cavity’s  inner 
radius.  Since  the  iris  loaded  gun  acts  like  six  coupled  pill  box 
cavities  operating  in  the  TMqjq  mode,  we  see  that  the  resonant 
frequency  is  determined  primarily  by  the  pill  box's  radius,  b. 
Based  on  this  we  chose  b  as  our  knob  for  tuning  the  cavity. 

Although  the  rf  will  eventually  be  coupled  to  the  gun 
through  an  iris  (fig  1)  in  the  coupler  cell  (CC)  we  first  stacked 
together  seven  similar  cells  (two  half  cells  and  five  full  cells) 
in  order  to  bring  the  tune  near  to  1300  MHz.  The  code 
URMEL  predicted  that  the  n/2  mode  would  be  found  at  1300 
MHz  for  2b  =  7.153  inches.  This  prediction  turned  out  to  be  in 
excellent  agreement  with  the  actual  result,  it’s  accuracy  was 
within  0.02%  ( Af=0.2MHz).  Of  course,  the  consistency  of  the 
prediction  with  the  measurement  depends  on  both  URMEL's 
accuracy  and  the  machining  accuracy  of  the  local  machine 
shop.  The  radius,  b,  was  initially  cut  to  96%  of  the  target 
radius  (buR^EL  =  consequently,  the  initial 

resonant  frequency  ended  up  50  MHz  high  (f=1350  MHz). 
The  procedure  was  then  to  make  a  sequence  of  small  cuts  of 
the  radius  b  and  measurements  of  the  resonant  frequency  of 
the  Till  mode  as  we  approached  1300  MHz  slowly.  The 
general  agreement  of  the  measurements  with  URMEL  as  the 
gun  was  tuned  was  excellent,  (fig  3). 


diameter  (inch) 

Note:  This  Is  a  sub-note. 

Figure  3:  The  resonant  frequency  of  the  witness  gun  as  a 
function  of  the  diameter,  2b. 

Although  the  data  in  figure  (3)  looks  linear 
(A/‘/A(2i?)  ~  IQQkHz  /  mil )  this  isn’t  quite  true.  The 
frequency  sensitivity,  Af/Ab,  varies  significantly  enough  so 
that  it  must  be  taken  into  account  while  tuning  the  gun.  The 
reader  should  also  take  caution  to  realize  that  this  is  a  very 
narrow  frequency  band  and  just  about  anything  will  look 
linear  over  such  a  small  interval. 


A.2  Matching  rfto  the  gun 

The  other  major  issue  in  the  gun’s  construction  is  coupling 
power  to  the  gun  or  impedance  matching.  During  the  initial 
tuning  phase,  coupling  was  achieved  with  a  pin  probe  on  axis. 
This  was  sufficient  to  bring  the  resonant  frequency  near  the 
target  frequency  of  1300  MHz.  At  this  stage,  however,  we 
obviously  needed  to  place  the  actual  CC  into  the  gun  stack  (fig 
1).  At  this  point  we  were  operating  somewhat  blindly  (i.e. 


without  a  numerical  code)  since  URMEL  cannot  model  the 
effect  of  the  coupling  iris  on  the  resonant  frequency. 

Unfortunately,  when  the  cells  were  stacked  together,  the 
Q  of  the  cavity  was  very  low.  It  was  discovered  that  a 
significant  amount  of  rf  was  leaking  out  through  faces  where 
the  cells  joined.  Even  with  tight  clamping  of  the  stack,  the 
measured  Q  remained  around  2000,  compared  with  URMEL's 
prediction  of  13,800.  Since  Sll  measurements  are  extremely 
sensitive  to  these  leakage  fields  we  decided  to  braze  two  half 
stacks  together.  We  brazed  together  the  3  1/2  cell  stack  on  the 
upstream  side  of  the  CC  and  the  1  1/2  cell  stack  on  the 
downstream  side  of  the  CC  (  fig.  1). 

The  brazing  of  the  half  stacks  had  the  desired  effect  and 
raised  the  Q  to  8000.  Although  still  significantly  below  the 
final  expected  value,  this  was  enough  of  an  improvement  to 
proceed  with  matching  and  tuning.  Since  the  effect  of  the 
coupling  iris  is  to  lower  the  frequency  of  the  gun,  the  diameter 
of  the  CC  was  left  lower  than  the  diameter  of  the  other  five 
cells. 

When  the  CC  was  placed  into  the  stack  with  the  two 
brazed  sections,  the  frequency  of  the  entire  stack  measured 
about  4  MHz  high.  We  then  began  an  iterative  process  of 
opening  the  iris  and  cutting  the  radius,  b,  of  the  CC  while 
carefully  measuring  the  resonant  frequency  and  reflection 
coefficient  Sll.  Unlike  the  initial  tuning  of  the  stack  with  6 
similar  cells,  this  stack's  frequency  and  coupling  had  a  highly 
nonlinear  dependence  on  the  diameter  and  the  coupling  slot 
dimensions.  Far  from  1300  MHz,  the  cavity’s  tune  was  not 
very  sensitive  (Af/A2b  =  8  kHz/mil)  to  changes  of  the  radius  b. 
But  when  the  cavity  was  back  to  within  0.5  MHz  of  1300 
MHz,  the  resonant  frequency  became  extremely  sensitive 
(Af/A2b  =  90  kHz/mil)  to  changes  in  b. 

Since  there  were  still  two  unbrazed  joints  in  the  stack, 
there  continued  to  be  problems  in  obtaining  reliable 
measurements  of  Sll.  The  reflection  coefficient  lied  in  the 
band  between  -5dB  and  ”15dB  at  a  slot  length  and  width  of  2 
and  1/2  inches  respectively.  Since  it  would  have  been  very 
easy  to  over  couple  the  cavity  by  opening  the  slot  further,  we 
decided  to  send  the  gun  out  for  it's  final  braze.  The  final 
adjustment  of  the  iris  will  be  done  after  the  complete  cavity  is 
brazed  together. 

B  Pre-Braze  Results 

The  first  task  was  to  identify  the  seven  TMq like  modes 
of  the  six  cell  cavity.  When  the  stack  was  put  together  with  all 
similar  cells  instead  of  the  CC,  all  seven  modes  were  easily 
identified.  However,  when  the  CC  was  in  the  stack,  we  only 
observed  six  modes  (fig  4).  It  is  likely  that  the  571/6  and  the  n 
modes  have  become  degenerate,  since  all  modes  are  live  in  the 
CC  and  therefore  should  be  driven.  The  ultimate  resolution  of 
this  will  come  when  the  cavity  arrives  back  at  ANL  so  we  can 
do  a  bead  pull  to  identify  the  modes.  Summary  of  the  modes 
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III.  DIELECTRIC  GUN 


Sii  log  MAG 

REF  “5.0  dB 


CENTER  1.299400000  GHz 
SPAN  0.040000000  GHz 


Figure  4:  Six  of  the  Seven  TMqjq  like  modes  of  the  witness 
gun 

Although  the  gun  hadn't  been  completely  brazed 
together  at  the  time  of  this  writing,  a  bead  pull  was  performed 
on  the  nf2  mode  (fig  5).  The  experiment  (performed  on  HP 
8510  Network  Analyzer)  clearly  identifies  the  mode  as  n/2. 
The  CC  is  located  approximately  between  200  and  250  mm  in 
figure  5,  which  explains  the  odd  shape  in  that  region.  The  last 
"hump"  in  the  plot  doesn't  come  up  to  full  field  balance  due  in 
part  to  the  leaky  rf  joint  of  the  CC.  The  last  hump  will 
probably  not  come  all  the  way  up  to  full  field  balance  even 
after  brazing  since  that  is  the  side  on  which  the  beam  exit  hole 
resides.  The  fields  that  exist  after  the  dashed  line  of  figure  5 
are  the  fields  that  attenuate  in  the  beam  exit  hole. 


0  100  200  300  400 
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The  dielectric  gun  [1]  option  for  the  witness  beam  has 
been  put  on  the  back  burner  for  the  time  being.  Since  Phase  I 
of  the  AWA  project  needed  a  reliable  witness  beam  quickly,  it 
was  decided  that  the  development  of  the  dielectric  gun  would 
be  to  great  of  an  undertaking.  Briefly,  the  dielectric 
photocathode  gun  consists  of  a  dielectric  tube  (1  cm  ID  x  5.44 
cm  OD  X  32,57  cm  length)  inserted  into  a  copper  jacket.  The 
central  advantage  of  this  gun  is  that  the  rf  fields  of  the  gun  are 
almost  completely  linear  and  may  produce  a  lower  emittance 
beam.  The  authors  of  this  paper  still  consider  this  a 
worthwhile  endeavor. 

IV.  FUTURE  PLANS 

As  of  this  writing,  all  components  of  the  witness  gun  are 
being  brazed  together.  The  first  order  of  business  upon  arrival 
of  the  gun  will  be  to  complete  the  tuning  and  matching  of  the 
gun.  After  some  cold  test  on  the  gun  we  plan  to  mount  the  gun 
in  place  and  begin  conditioning.  We  plan  to  see  the  first  laser 
pulse  strike  the  photocathode  in  June.  This  event  will  mark  the 
beginning  of  an  exciting  era  of  research  to  take  place  at  the 
AWA. 
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Figure  5:  Bead  pull  showing  the  7c/2  mode  in  the  witness  gun 
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Abstract 

The  longitudinal  accelerating  field  Ez  has  been  measured  as  a 
function  of  azimuthal  angle  in  the  full  cell  of  the  cold  test  model 
for  the  1.6  cell  BNL/SLAC/UCLA  #3  S-band  RF  Gun  using  a 
needle  rotation  /  frequency  perturbation  technique  [1].  These 
measurements  were  conducted  before  and  after  symmetrizing 
the  full  cell  with  a  vacuum  pump  out  port  and  an  adjustable 
short.  Two  different  waveguide  to  full  cell  coupling  schemes 
were  studied.  The  dipole  mode  of  the  full  cell  is  an  order  of 
magnitude  less  severe  before  symmetrization  for  the  ^-coupling 
scheme.  The  multi-pole  contribution  to  the  longitudinal  field 
asymmetry  are  calculated  using  standard  Fourier  series  tech¬ 
niques.  The  Panofsky- Wenzel  theorem  [2]  is  used  in  estimating 
the  transverse  emittance  due  to  the  multipole  components  of  Ez . 

L  INTRODUCTION 

To  produce  high  brightness  low  emittance  electron  beams  nec¬ 
essary  for  X-ray  FEL  application  such  as  the  LCLS  [3]  we  have 
developed  a  1.6  cell  emittance  compensated  S-band  photocath¬ 
ode  RF  Gun  that  is  designed  to  minimize  emittance  growth  due 
to  the  dipole  component  of  Ez .  To  accomplish  this  we  have  elim¬ 
inated  the  side  coupling  into  the  half  cell  that  is  used  in  the  orig¬ 
inal  BNL  RF  gun  design  [4],  which  is  designed  to  suppress  the 
zero-mode.  The  coupling  between  the  two  cells  was  improved 
by  an  increase  in  the  beam  iris,  which  also  increased  the  mode 
separation  between  the  zero  and  7r-modes.  The  coupling  be¬ 
tween  the  waveguide  and  full  cell  was  studied  using  two  different 
coupling  schemes.  The  full  cell  was  symmetrized  to  minimize 
emittance  growth  due  to  the  TMno  mode.  The  half  cell  length 
has  been  increased  to  provide  more  RF  focusing.  Resistive  tem¬ 
perature  control  was  elected  over  water  cooling  to  facilitate  de¬ 
sign  and  minimize  construction  costs. 

11.  FIELD  BALANCE  VERSUS  MODE 
SEPARATION 

The  full  cell  to  half  cell  coupling  is  vital  since  side  coupling 
was  not  used  in  this  gun  design.  We  further  improved  the  tech¬ 
nique  of  using  mode  separation  for  field  balance  tuning  [5].  To 
measure  the  field  balance  versus  mode  separation  it  is  necessary 
to  measure  Ez  on  axis  for  the  7r-mode,  and  /o  for  different 
full  and  half  cell  frequencies.  For  large  difference  in  the  full  and 

*Work  supported  by  the  Department  of  Energy,  contracts 
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half  cell  frequencies  the  and  fo  are  essentially  the  indepen¬ 
dent  cell  frequencies,  but  when  the  cell  frequencies  are  close  to 
each  other  the  coupling,  which  is  frequency  independent,  sepa¬ 
rates  the  cell  frequencies  into  the  and  /o  [6].  Field  balance 
versus  mode  separation  data  is  presented  in  figure  1 .  This  data 
was  taken  using  a  .472  cm  diameter  dielectric  sphere  and  a  self 
excited  loop  instead  of  a  network  analyzer  which  increased  the 
accuracy  of  the  frequency  measurement  down  to  100  Hz. 


?  4  6  8 

Mode  Separation  (MHz) 

Figure  1 .  Field  Balance  versus  Mode  Separation 


The  predictions  of  our  equivalent  circuit  model,  2-D  field 
solvers  such  as  SUPERFISH  [7]  and  the  3-D  field  solver 
MAFIA  [8]  are  also  shown  in  figure  1. 


III.  WAVEGUIDE  TO  FULL  CELL  COUPLING 

We  have  investigated  two  different  types  of  waveguide  to  full 
cell  coupling  schemes.  The  ^-coupling  scheme  was  produced  us¬ 
ing  a  .375"  diameter  cutting  flute  running  ±.2268"  center  to  cen¬ 
ter  in  the  x  direction,  the  thickness  of  the  coupling  iris  is  .0917". 
The  z-coupling  scheme  was  produced  by  cutting  out  a  .913" 
X  .650"  rectangle  with  the  long  dimension  in  the  2r-direction, 
the  thickness  of  the  coupling  iris  was  .108".  In  the  final  gun 
design  we  have  elected  to  use  the  ^-coupling  scheme  since  its 
dipole  field,  before  symmetrization,  is  an  order  of  magnitude  less 
than  the  z-coupling  scheme.  We  have  measured  the  dipole  field 
offset  by  a  transverse  disk  pull  in  the  waveguide  plane  and  the 
multi-pole  field  components  of  the  full  cell  by  a  needle  rotation 
technique  before  and  after  symmetrizing  the  full  cell  for  both 
schemes. 
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lY  TRANSVERSE  DISK  PULLS 


Fishing 

Line 


Figure  2.  Experimental  Setups  for  Full  Cell  Disk  Pull  and  Trans¬ 
verse  View  of  Full  Cell  Needle  Rotation 

Figure  2  shows  the  experimental  setup  for  our  transverse  disk 
pull,  using  a  6.35  mm  diameter  0.30  mm  thick  Cu  disk,  used  to 
measure  (iro,  y).  The  dipole  offset  is  directly  measured  by 
this  technique  assuming  that  Ez  can  be  modeled  near  the  beam 
pipe  axis  by  Ez  y)  =  A  +  B{y  -  C)^.  Experimental  disk 
pull  data  is  shown  in  figure  3  for  the  ^-coupling  scheme.  The  0- 
coupled  dipole  data  along  with  waveguide  to  full  cell  coupling 
as  a  function  of  short  position  is  shown  in  figure  4. 


metrization 


V.  MULTI-POLE  MODES 

In  previous  measurements  of  the  dipole  field  in  an  RF  cavity, 
needles  were  pulled  longitudinally  offset  from  the  beam  axis  [9] 
or  were  pulled  transversely  [10]  to  the  beam  axis.  In  our  needle 
rotation  technique  a  1.27  cm  long  .635  mm  diameter  needle  is 
parallel  to  the  beam  axis  and  was  rotated  in  the  0  direction  such 
that  a  cylinder  was  swept  out,  and  thereby  only  perturbing  the 
Ez.  The  experimental  setup  used  for  the  needle  rotation  can  be 
see  in  figure  2  and  figure  5.  Accurate  positioning  of  the  needle 
was  accomplished  by  using  a  compound  arrangement  of  transla¬ 
tion  and  rotation  stages.  The  translation  stage  allowed  the  posi¬ 
tioning  of  the  needle  in  the  r  direction  with  respect  to  the  beam 


Figure  4.  ^-coupled  Full  Cell  to  Waveguide  Coupling  (3  and 
Dipole  Offset  versus  Short  Position 


pipe  center.  The  rotation  stage  allowed  the  positioning  of  the 
needle  in  the  0  direction  with  respect  to  a  fiducial  mark  that  we 
defined  as  the  a?-axis.  It  should  be  noted  that  the  disk  pull  data  is 
a  subset  of  the  needle  rotation  data.  The  full  cell  field,  Ez ,  can 
be  expressed  as  an  infinite  sum  of  modes  represented  by 


OO  OO  CX) 

AmnlTMmnl  (1) 

m=0  n=:l  /=0 

By  measuring  Ez  (ri ,  0)  as  shown  in  figure  6  we  can  calculate 
the  Fourier  series  coefficient  Amni  of  the  infinite  series,  whose 
absolute  values  are  shown  in  figure  7.  These  coefficients  are  then 
used  in  the  calculation  of  the  emittance  growth  due  to  these  mul¬ 
tipole  fields.  Note  that  there  is  a  large  and  changing  (before  and 
after)  x-sxis  dipole  field  component,  because  the  tuners  were  im¬ 
possible  to  position  precisely  and  in  general  were  not  symmetri¬ 
cal.  Symmetrically  feeding  RF  into  the  full  cell  would  remove 
the  phase  asymmetry  that  exists  in  the  cavity  due  to  an  asymmet¬ 
ric  Poynting  vector. 


Figure  5.  Needle  Rotation  Experimental  Setup 


VI.  EMITTANCE  GROWTH  ESTIMATION 

The  change  in  the  transverse  normalized  emittance  is  given  by, 
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THETA  (radians) 


Figure  6.  Ez  (ri,  0)  Before  and  After  Symmetrization  for  the 
^-Coupling  Scheme  Using  a  Needle  Rotation  Technique 
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Electron  bunch  and  RF  gun  cavity  parameters 
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Using  the  Panofsky-Wenzel  Theorem  to  find  the  change  in 
momentum,  which  is  in  phase  quadrature  with  we  find  that 
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Therefore  the  change  in  the  transverse  emittance  is 
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For  the  TMno  and  TM210  type  modes,  is  given  by 
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Therefore  the  change  in  the  transverse  emittance  is 


Acj, 


e  <Tz  .  -gfn 
mc^  ”  Eo 


(6) 


Inserting  the  appropriate  parameters  from  table  I  of  the  elec¬ 
tron  bunch  and  the  symmetrized  RF  gun  that  we  are  modeling. 
Where  ri  is  the  radius  at  which  Ez  was  measure  at  using  the  nee¬ 
dle  rotation  technique  and  <Ty  is  the  beam  size  in  the  middle  of  the 
full  cell. 

Assuming  that  can  be  approximated  by  a  cosine  like  func¬ 

tion  of  z  we  find  that  the  emittance  growth  in  the  symmetrized 
case  is  given  by 


^  r  0.1  TT  mm  mrad  Dipole  mode  . 

^  ^  \  0.05  TT  mm  mrad  Quadrapole  mode  ^  ^ 

VIL  CONCLUSIONS 

The  dipole  field  components  caused  by  the  asymmetric  RF 
coupling  before  and  after  symmetrizing  the  full  cell  were  inves¬ 
tigated.  Data  on  the  waveguide  to  full  cell  coupling  and  dipole 
offset  versus  short  position  was  also  taken.  A  needle  rotation 
technique  was  used  to  measure  the  Fourier  coefficient  of  the  mul¬ 
tipole  field  components  of  the  full  cell  accelerating  field.  The 
dipole  coefficient  was  seen  to  decrease  by  an  order  of  magni¬ 
tude  after  the  full  cell  was  symmetrized,  with  the  proper  position¬ 
ing  of  the  adjustable  short  that  is  located  in  the  vacuum  pumping 
port. 


References 

[1]  L.  C.  Maier  and  J.  C.  Slater,  Journal  of  Applied  Physics, 
VoL23,  Numl  69  -  77,  Jan  1952 

[2]  W.  K.  H.  Panofsky  and  W.  A.  Wenzel, /?^v.  ScL  In^ 
strum., 21 ,961  (1956) 

[3]  H.  Winick  et  al  MM, A347, (1994), 199-205 

[4]  K.  Batchelor  et  al,  Proc.  of  1990  EPAC  541  -  543 

[5]  X.J.  Wang  et  al,  Proc.  of  1993  PAC,  3000  -  3002 

[6]  1.  Wilson  and  H.  Henke,  CERN  89-09 

[7]  K.  Halbach  and  R.  F.  Holsinger,  Particle  Accelerators  1, 
213  (1976) 

[8]  T.  Weiland  et  al.  DESY  Report,  M-86-07  1986 

[9]  A.  M.  Vetter  and  R.  P.  Friedman,  1988  Linac  Conf.  Proc., 
CEB  AF-Report-89-001, 58-60,  June  1989 

[10]  Greg  Loew  private  communication 


10 


10 

^10'^ 

-2 

^10  ^ 
o 

-3 

^10 


0^-4 

y=io 


10 


10 


-1 


*  Before  Symmetrizing 
o  After  Symmetrizing 


0  12  3  4 

Azimuthal  Index  (m) 


Figure  7.  ^-coupled  Fourier  Coefficients  Before  and  After  Sym¬ 
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We  have  designed  and  are  building  a  subpicosecond 
electron  injector.  The  injector  is  based  on  an  8  MeV 
photoinjector,  used  previously  at  Los  Alamos  in  the  APEX 
experiment.  The  nominal  design  includes  magnetically 
compressing  a  20  ps  long,  3  nC  bunch  to  a  FWHM  bunch 
length  of  2/3  ps  (peak  current  in  excess  of  3  kA)  using  a  four 
dipole  chicane  buncher.  The  geometrical  averaged  transverse 
normalized  transverse  emittance  after  compression  is  about  15 
n  mm  mrad. 


1.  INTRODUCTION 

The  prospect  of  advanced  accelerator  applications  such  as 
linear  colliders  [1,2]  and  short-wavelength  free-electron  lasers 
[3,4]  has  motivated  research  into  developing  shorter  and 
shorter  electron  bunches  with  high  brightness.  The  current 
state-of-the  art  bunch  compression  is  from  10  ps  to  0.6  p  at 
37  MeV  with  0.15  nC,  with  a  transverse  normalized 
emittance  of  about  25  n  mm  mrad  [5].  Also  of  note  is  the 
compression  reported  using  an  alpha-magnet  and  rf  gun  [6], 
which  has  reported  bunch  lengths  as  low  as  0.1  ps,  but  with 
charges  on  the  order  of  0.05  nC.  These  combinations  of 
charge,  bunch  length,  and  emittance  are  not  sufficient  to  meet 
the  requirements  for  the  advanced  accelerator  applications. 

In  order  to  further  extend  compression  technology,  we 
have  designed  and  are  currently  commissioning  an  8-MeV 
linac  which  has  a  predicted  compression  capability  down  to 
0.7  ps  for  charges  up  to  3  nC,  with  a  final  transverse 
normalized  emittance  of  about  15  K  mm  mrad.  This 
machine,  the  Subpicosecond,  High-brightness  Accelerator 
Facility,  is  the  first  linac  designed  specifically  for  performing 
compression  experiments,  and  includes  diagnostic  features 
required  for  picosecond-type  bunches. 

This  linac  will  be  used  for  measuring  noninertial 
emittance-growth  mechanisms,  which  may  exist  in  magnetic 
compression  systems  [7].  This  will  require  development  of  a 
new  emittance  measurement  technique  using  beam-position 
monitors  [8].  In  addition,  this  linac  will  be  used  to  drive  an 
extreme  ultraviolet  (EUV)  source,  using  the  anomalous 
energy  loss  of  a  short  electron  bunch  in  a  plasma  due  to  the 
induced  wakefield  [9,10].  This  type  of  source  is  considered  as 
an  option  for  next-generation  lithography. 

In  this  paper  we  will  first  discuss  the  physics  motivation 
for  this  experiment,  including  the  noninertial  emittance 
growth  mechanisms  and  the  EUV  radiation  mechanism.  In 
the  following  section  we  will  describe  the  design  of  the  linac, 
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and  in  particular  the  four-dipole  chicane  compressor.  Next  we 
will  provide  simulation  results  describing  the  linac’s  predicted 
performance.  In  the  final  section  we  will  discuss  the  status  of 
the  machine  and  future  plans. 

11.  PHYSICS  MOTIVATION 

If  an  electron  beam  is  not  accelerating,  it  is  easy  to  show 
that  both  the  transverse  and  longitudinal  space-charge  forces 
scale  inversely  with  the  square  of  the  relativistic  mass  factor. 
Because  of  this  fact,  designs  for  advanced  accelerators  which 
include  bunch  compression  have  the  bunch  compression 
occurring  when  the  beam  is  at  a  relatively  high  energy  (often 
greater  than  a  GeV).  However,  it  has  been  recently  shown 
that  this  scaling  for  the  space-charge  forces  does  not  hold  for 
beams  being  bent  in  a  dipole  field  [7].  Direct  calculation  of 
the  longitudinal  field  from  a  moderate  length  line  of  charge 
that  is  bending  yields 

E0  =  E,(\/y^-P^x/r)  (1) 

where  would  be  the  electric  field  in  the  direction  of  the 
bunch’s  motion  if  the  motion  was  straight,  x  is  the 
transverse  displacement  from  the  line  (in  the  bend  plane)  and 
R  is  the  bend  radius.  Integrating  over  a  uniform  transverse 
bunch  density,  this  field  leads  to  an  rms  normalized  emittance 
growth  of 


-  z  -  1  [ 

ln|  -  1— 


(2) 


where  a  is  the  bend  angle,  I  is  the  peak  bunch  current, 
is  about  17  kA,  a  is  the  beam  radius,  b  is  the  beampipe 
radius,  and  5  is  the  bunch  length.  This  expression  can  be  in 
turn  integrated  through  a  bunch  compressor,  resulting  in  this 
prediction  for  the  emittance  growth: 
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where  Ig  is  the  uncompressed  peak  current  and  is  the 

compressed  peak  current.  This  emittance  growth  can  be  quite 
large  -  for  example  it  is  about  200  n  mm  mrad  for  a  1-nC,  1- 
mm-radius  bunch  compressed  to  1  ps  in  a  1 -radian  bend.  If 
the  bunch  length  is  sufficiently  short,  however,  this 
emittance  growth  will  not  occur  because  of  causality.  This 
emittance  growth  mechanism  can  impact  advanced  accelerator 
designs  significantly,  and  an  experimental  study  of  this  effect 
needs  to  be  made. 
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T  T 

8  -  MeV  Injector  Phasing  cavity 

Spectrometer  - 

Figure  1 :  Subpicosecond,  High-brightness  Accelerator  Facility  layout,  showing  location  of  rf  cavities, 
chicane  compressor  and  spectrometer.  Dimensions  are  in  inches. 


The  EUV  source  is  based  on  a  wakefield  generation  in  a 
plasma  by  a  picosecond  electron  bunch.  The  plasma  is 
generated  by  classical  collisional  ionization  as  a  series  of 
electron  bunches  pass  through  a  gas  target.  If  the  electron 

15  2  3 

density  exceeds  a  critical  value  of  about  1.6(10  )  /  t  cm  , 
where  r  is  the  bunch  FWHM  is  picoseconds,  the  wakefield 
in  the  plasma  generates  a  large  collective  plasma  wave. 
Detailed  particle-in-cell  simulations  of  the  interaction  indicate 
that  an  8-MeV,  0.65  ps  electron  bunch  will  be  fully 
decelerated  after  only  3  mm  [10].  This  plasma  wave  heats  the 
background  plasma  electrons  to  about  30  eV,  which  then  de- 
excite  by  line  radiation.  By  optimizing  the  gas  density, 
efficient  (>0.1%)  conversion  of  electron  beam  power  to 
radiated  power  near  13  nm  is  possible  [10]. 

HI.  LINAC  DESIGN 

The  Subpicosecond,  High-brightness  Accelerator 
Facility,  shown  in  Figure  1,  is  based  on  an  8-MeV 
photoinjector  tank  previously  used  at  Los  Alamos  as  the  first 
acceleration  tank  of  the  40-MeV  APEX  machine  [11,12]. 
This  injector  will  produce  a  low  emittance  (-5  n  mm  mrad), 
10-20  ps  electron  bunch  with  a  peak  current  of  200-300  A. 
The  main  components  of  the  new  linac  are:  (1)  the  APEX  8- 
MeV  injector,  (2)  a  1-MeV  phasing  cavity  which  can  modify 
the  initial  beam  energy-phase  correlation,  (3)  a  four-dipole 
chicane  for  bunching,  (4)  a  "fast-deflector"  cavity  which 
transversely  spreads  out  the  beam  for  time-resolved 
diagnostics  [13],  and  (5)  a  spectrometer.  All  rf  structures 
operate  at  1.3  GHz. 

The  chicane  (dipoles  and  beam-box)  are  shown  in  Figure 
2.  The  first  and  last  dipole  deflect  the  beam  upwards  (in  the 
figure)  and  the  middle  two  dipoles  defect  the  beam  downwards. 
As  a  result  the  beam  trajectory  is  curved.  Particles  with 
higher  energy  are  bent  less  and  have  a  shorter  path  length 
within  the  dipoles  while  particles  with  lower  energy  are  bent 
more  and  have  a  longer  path  length  [14].  By  adjusting  the 
phasing  cavity  so  the  particles  at  the  front  of  the  bunch  have 
a  lower  energy  than  the  particles  at  the  end  of  the  bunch,  the 
bunch  can  be  compressed.  The  beam  box  is  wide  at  the  center 
of  the  chicane  where  the  dispersion  is  greatest.  Thus  the 
dipoles  can  be  gradually  turned  on  from  zero  field  to  the 
condition  of  maximum  compression,  with  full  beam 


transmission  for  all  cases.  The  dipoles  are  H-magnets  to 
minimize  the  fringe  fields.  The  ki  value  for  the  fringe  fields 
between  the  central  magnets  is  0.045,  the  ki  value  for  the 
fringe  fields  between  the  dipoles  of  opposite  polarity  is  0.12, 
and  the  ki  value  for  the  end  fringe  fields  is  0.22. 


Figure  2:  Top  view  of  chicane  design  showing  dipoles  and 
curved  beam  box.  The  beam  box  maintains  at  least  a  3:1 
ratio  of  horizontal  width  to  vertical  width  throughout. 

The  fast  deflector,  developed  for  the  Los  Alamos  free- 
electron  laser  program,  has  a  TM  no  mode  operating  at  the 
same  frequency  as  the  injector  and  phasing  cavity.  The 
magnetic  field  is  vertical  as  the  bunch  passes  through  it.  If 
the  phase  of  the  cavity  is  adjusted  so  the  field  is  zero  when 
the  center  of  the  bunch  is  at  the  center  of  the  cavity,  the 
bunch  center  will  not  be  transversely  deflected.  However,  the 
front  of  the  bunch  will  be  deflected  sideways,  and  the  rear  of 
the  bunch  will  be  deflected  in  the  opposite  direction.  The 
bunch  will  be  spread  out  horizontally  in  time,  in  a  manner 
similar  to  the  light  in  a  streak  camera.  Subsequently,  the 
spectrometer  will  deflect  the  beam  vertically;  the  image  of  the 
beam  on  the  screen  in  the  spectrometer  will  show  the  phase 
of  the  particles  transversely  and  the  energy  of  the  particles  in 
the  direction  of  the  beam  line.  Thus  the  combination  of  the 
fast  deflector  and  the  spectrometer  will  provide  a  direct 
measurement  of  the  beam’s  longitudinal  phase  space.  With 
the  distances  shown  in  Figure  1,  we  predict  a  displacement  of 
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1  cm  on  the  spectrometer  screen  per  ps,  or  a  time  resolution 
of  at  least  0.25  ps. 

IV.  PREDICTED  PERFORMANCE 

We  have  used  the  particle-pushing  code  PARMELA  [15] 
to  predict  the  performance  of  the  Subpicosecond,  High¬ 
brightness  Accelerator  Facility.  It  should  be  noted  that 
PARMELA  does  not  include  the  energy-independent  space- 
charge  forces  described  in  section  II,  but  does  include  all  other 
known  emittance  growth  mechanisms. 


Phase 


Figure  3:  Longitudinal  phase  space  of  the  bunch  after 
chicane.  Horizontal  units  are  in  degrees  of  phase  at  1.3  GHz. 

In  Figure  3  we  see  the  longitudinal  phase  space  of  the 
bunch  just  after  the  chicane.  The  optimum  bunching  occurs 
for  a  maximum  bend  of  39  degrees  within  the  chicane,  with 
an  energy  spread  of  about  +/-  2.5%,  and  leads  to  a  bunch 
length  FWHM  of  0.65  ps.  Unfortunately,  at  this  low  beam 
energy,  the  bunch  length  grows  quickly.  Simulations 
indicate  that  the  bunch  length  roughly  doubles  (to  about  1.2 
ps)  after  only  75  cm  and  is  about  2  ps  after  100  cm. 

V.  CURRENT  STATUS  AND  FUTURE  PLANS 

The  machine  has  been  constructed  and  is  being 
commissioned.  Compression  studies  have  begun  in 
anticipation  of  the  EUV  generation  experiment. 

Particle-in-cell  calculations  of  the  energy  loss  mechanism 
in  the  plasma  for  the  EUV  experiment  show  that  accelerating 
gradients  are  produced  by  the  plasma  wave  on  the  order  of  5 
GV/m.  Future  plans  include  passing  a  witness  bunch 
through  this  plasma  to  fully  diagnose  the  fields  present  and  to 
demonstrate  this  acceleration  mechanism  at  these  gradients. 
The  generation  of  a  witness  bunch  with  an  arbitrary  timing 
separation  between  it  and  the  main  bunch  is  simplified  by  the 
fact  that  the  machine  uses  a  photoinjector.  The  dense  plasma 
will  also  pinch  the  electron  beam  to  a  small  equilibrium 
radius.  Calculations  show  that  the  equilibrium  radius  is 
about  10  |J.m.  It  should  be  noted  that  many  advanced 
accelerator  concepts  operate  at  high  frequency,  and  which  need 
a  picosecond- type  injector.  For  example,  at  17  GHz,  1  ps  is 


about  6  degrees  of  phase.  Thus,  we  are  also  proposing  to 
used  this  machine  as  an  injector  for  a  100  MeV  linac  using 
the  inverse  axial-free-electron  laser  acceleration  mechanism 
[16],  operating  at  17  GHz. 
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Abstract 

Results  are  presented  of  experimental  studies  on  beam 
parameters  at  the  exit  from  an  rf-injector  and  a  single-section 
accelerator.  It  is  demonstrated  that  owing  to  an  assigned 
amplitude  and  electromagnetic  field  phase  relationship  in  the 
rf-gun  during  the  pulse,  one  can  get  in  a  position  to  optimize 
bunches  inflight  phases  into  the  accelerating  section  during 
which  compensation  is  observable  of  the  beam  energy  spread 
induced  by  current  loading  of  accelerating  section. 

1.  INTRODUCTION 

One  of  the  well  known  techniques  of  an  intense  beam 
energy  spread  compensation,  the  spread  being  accounted  for 
by  current  loading  of  accelerating  structure,  is  the  one  of 
bunch  inflight  optimization  into  the  accelerating  field  [1]. 
Simply  put,  this  technique  is  such  that,  owing  to  an  assigned 
variation  of  the  current  pulsehead  bunch  inflight,  in  other 
words,  owing  to  variation  of  the  accelerating  field  amplitude, 
governing  the  bunch  behavior,  from  the  initially  assigned 
value  up  to  very  maximum,  the  pulsehead  bunch  energy 
increment  becomes  equal  to  the  bunch  energy  increment 
during  the  steady-state  acceleration  mode  of  a  loaded  section. 
Below  we  will  show  that  these  conditions  can  be  materialized 
in  single-section  accelerator  that  have  rf-gun-based  injectors 
and  a  magnetic  compressor  [2]. 

2.  DESCRIPTION  OF  THE  DESIGN 

The  electron  beam  whose  phase-energy  characteristics  are 
shown  in  Fig.l  is  formed  in  the  rf-gun,  then  energy-  separated 
(hatched  region  in  Fig.l),  while  bunches  passing  through  the 
magnetic  compressor  (a-magnet)  and  compressed  along  the 
longitudinal  coordinate.  It  should  be  noted  that  on  account  of 
beam  cavity  loading  the  field  amplitude  temporal 
characteristic  inside  the  cavity  (oscillogram  b,  Fig. 2).  As 
shown  from  some  auxiliary  research  [3],  a  substantial 
contribution  is  made  by  electron  back-bombardment  under  rf- 
field  and  cathode  heating. 

As  a  result,  due  to  field  amplitude-phase  variations  inside 
the  cavity,  the  integrated  bunch  phase  width  during  the  entire 
pulse  exceed  IT'^FWHM.  Fig.3  shows  results  of  particle  phase 
distribution  measurements  in  a  pulse-averaged  bunch.  The 
technique  is  based  on  the  analysis  of  the  amplitude  of  current 
passing  through  the  slot  collimator  during  the  beam  circular 
sweep  in  the  cavity  while  transverse-type  oscillations  of  the 
fundamental  frequency  field  are  present  [4]. 


^/2n 


Figure  1.  Particle  phase-energy  distribution  per  bunch  at 
different  rf-gun  field  strengths. 
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Figure  3.  Pulse  averaged  particle  phase  distribution  in 
bunches  leaving  the  magnetic  compressor. 

Using  the  electrostatic  deflector  for  selecting  the  current 
pulse  in  the  downward  field  region  of  the  cavity  (oscillogram 
b,  Fig. 2)  and  by  accelerating  these  25 -ns  pulses  at  invariable 
field  amplitude-phase  characteristics  of  the  accelerating 
section,  we  succeeded  in  determining  the  regularity  of  bunch 
inflight  phase  distribution  such  that  bunch  energy  increment 
varied  during  0.4  |Lis  macropulse  from  56  MeV  to  59  MeV 
(Fig. 4).  This  done,  the  current  (0.1  A)  energy  spectrum 
measurement  spread  for  90%  particles  does  not  exceed  2% 
which  corresponds  to  the  resolution  limit  of  the  spectrometer 
used.  For  this  structure  this  value  is  13%,  the  filling  time  being 
1  |us,  loading  characteristic  80  MeV/A  during  the  routine 
acceleration  mode  (some  inflight  phase  for  all  bunches  in  the  1 
jis  pulse  at  0.1  A  current).  In  this  manner,  the  conclusion  can 
be  made  that  there  is  observation  of  the  energy  spread 
compensation  effect  which  occurs  due  to  the  bunch  inflight 
phases  optimization  during  current  pulse. 

3.  CONCLUSION 

Finally,  a  few  words  must  be  said  about  some  possible 
techniques  of  monitoring  the  flow  phase  characteristic 
variations  at  the  rf-gun  exit.  Evidently,  for  this  purpose  one 
could  use  various  rf-devices,  allowing  to  change  rf-gun 
amplitude-phase  and  temporal  characteristics.  Yet,  from  our 
standpoint,  of  more  practical  interest  shell  be  the  technique  of 
cavity  load  manipulations  by  using  the  back-bombardment 
electrons  effect. 


Figure  4.  Relationship  of  energy  increment  of  25  ns  select 
pulses  vs.  their  temporal  position  inside  the  macropulse. 

As  shown  in  paper  [5],  application  of  a  transverse 
magnetic  field  provides  for  the  effective  back-particles 
characteristic  variations,  i.  e.  cathode  heat  loads,  and, 
accordingly,  for  those  of  emission  currents  and  amplitude- 
temporal  and  phase  characteristics  of  the  cavity  field.  We  have 
plans  for  more  detailed  study  on  this  problem. 
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Abstract 

Results  are  presented  of  theoretical  analysis  of  electron 
flow  interactions  with  the  accelerating  field  of  superposed 
multiple  parts  of  the  first  and  second  harmonics.  It  is 
shown  that  at  certain  phases  and  amplitudes  relationships 
the  limited  charge  value  can  be  increased  in  bunches  of 
considerable  phase  lengths  owing  to  the  preservation  of 
identical  accelerating  conditions  and  decreasing  of  the 
losses  to  radiation  by  the  beam. 

One  of  the  fundamentals  problem  of  the  physics  of 
accelerators  is  the  one  of  increasing  the  accelerated  charge 
limit  at  restrained  levels  of  rf-power  input  and  rf  emittance 
growth  suppression.  Underlying  this  proposal  are  the  effects 
of  the  non-linear  relationship  of  bunch-radiated  field 
amplitude  vs.  its  phase  length  and,  also,  the  feasibility  of 
providing  the  identical  acceleration  conditions  for  all 
particles  in  a  lengthy  bunch  and  emittance  preservation  in 
the  "table-type"  rf-field,  realized  by  way  of  inclusion  in  the 
acceleration  mode  of  multiple  frequency  harmonic 
superposition.  It  must  be  noted  that  the  acceleration 
technique,  providing  for  excitation  in  each  of  the 
accelerating  space  of  rf-fields  at  multiply  frequencies  with 
the  resulting  envelope  shape  being  close  to  rectangular,  is 
well  known  and  employed  ,for  instance,  in  proton 
synchrotron  for  widening  the  region  of  phase  stability  and 
lowering  the  space  charge  effect  (see,  for  instance  [1]). 
Below  is  given  the  evaluation  of  this  technique  to  the 
problems  of  increasing  the  accelerating  charge  limit. 

Considered  is  a  cavity  of  arbitrary  transverse  cross 
section  with  a  length  of  the  interaction  region  d  and  two 
resonances  at  frequencies  (0  and  2co  Let’s  consider 
excitation  of  this  cavity  in  the  approximation  assigned 
current  from  an  external  oscillator  by  the  current  with 
density 

j  =  jl  1  cos(o>t)  +  ji2  sin(o>T:)  +  cos(2a)x)  +  j22  sin(2coT) 

(1) 

as  well  as  by  a  beam  with  pulsed  current  I  ,  bunches  of 
which  of  the  length  2x  moving  with  the  velocity  v,  are 
taken  to  be  rectangular,  then  expanding  into  the  Fourier 
series  we  have  for  the  beam  current  density 


A  =  XqiWA(f) 

? 

1 

the  set  of  equations  for  cavity  field  will  be  written  down  as 
follows: 


qi  -h  2pjqj  +  (D  qi  =  4-71  •  c 


j(jl2  + jln)Aldv 

J  Aj^dv 


q2  +  2P2q2  +  4a)'^q2  =  4jt  •  c 


J(j22  +  j2n)A2dv 

J  A2^dv 


(3) 


Considering  for  the  sake  simplicity  that  E  is 
independent  of  z  and  doing  the  integration,  we  will  obtain: 


qi  =* 


where 


smcoT 

Dilo - ll 

COT 


Dol, 


2^0  ‘ 


2PiC0i 


-sincoit;  q2=- 


sin  2cot 
2cot 


+  In 


h  =-471C 


JjllAidv 

jAfdv 


;  l2=47cc 


2P2CO2 


I  ji2A2dv 
|A2dv 


-sinc02t 

(4) 

(4a) 


2— sin—  f  f(x,y)A2]dxdy 
(0  2v  •' 


Dj  =47Cc- 


i 


A^dv 


D2  =  47rc- 


^sin^|f(x,y)Az2dxdy 


(4b) 


j  A^dv 


At  which,  the  harmonic  phases  are  chosen  such  that 
I|>0  and  l2>0,  while 


cos2co  t  — 


jxn=jyn=0 

.  JsincoT  f  sin2coT 

(2) 

Expanding  the  vector-potential  of  the  excited  field  into 
the  cavity  eigen-modes 


J]llA,dv  =  Jj22A2dv  =  0 

Hence  the  expression  for  the  resulting  cavity  field  in  the 
steady-state  regime: 
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sin  cox 


II  “DJq  -  _ 

£  = - — — Ai  (f )  cos  cot 


2Pic 


h  +  D2jo 


sin2(OoT 


2P2C 


2<ji)Q't_  ^  cos(2(Ot) 


Well  find  the  increment  of  particle  energy: 


Let’s  compare  the  obtained  result  with  the  single¬ 
harmonic  interaction  case  with  small  phase  space  of  the 
bunch  (cox— >0) 


(5) 


AW" 


AW 


Al 


.  sin  (OX  .  sin2(0X 


(OX 


2(ox 


AWi 

and  at  ((ox>l) 


AW -Clio 


(8) 


(6) 


Awmax  AW^,  -AW^^ 
AWr*  AW^,-Cijo 


here  t  is  the  particle  time-of-flight  through  the  center  of 
cavity. 

Substituting  (5)  and  integrating  (6),  we  will  obtain: 

AW  =  AW  -  cos  (otQ  -  AW  r  cos  2(0to 


-ciJo- 


Al 
sin  COX 


.  sin2cox  ^  ^ 
coscoto -C2Jo-'X^ - cos2coto  ^ 


cox 


2cox 


where 


AWi,  ='^^A,,(xo,yo)sinf(0^ 


Al  Pj(o  C 


(7a) 


Cl  = 


evDj 

Pl(oc 


Aiz(xo.yo)sin  ®  — 


2v 

d 

V 


(7b) 


As  an  example,  let's  consider  beam  acceleration  in  the 
cavity  excited  by  the  first  and  second  harmonic  at  power 
input  ratio  10:1  with  angle  of  flight  at  the  fundamental 

frequency  =  I"  this  case,  the  identical  conditions 

for  accelerating  all  particles  become  feasible  to  fulfill  for 
bunches  with  the  phase  space  up  to  30  ,and,  as  it  is  easy  to 
deduce  from  the  above  relationships,  the  losses  to  radiation 
by  the  beam  can  be  decreased  as  compared  to  the  single- 

frequency  case,  by  =5—^ — ,  i.e.  the  limit  of  accelerated 
^  sincox 

charge  is  thus  raised. 
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Seattle,  Washington 


Abstract 

A  scheme  for  compressing  4  nC,  55  ps  long  bunches 
to  7  ps  at  18  MeV  uses,  in  addition  to  a  magnetic  chicane,  a 
third  harmonic  RF  section  serving  the  dual  functions  of  (1) 
removing  the  nonlinear  distortion  placed  on  the  bunch  by  the 
upstream  linac  and  (2)  impressing  on  the  bunch  the  linear 
energy  slew  required  for  compression  in  the  chicane.  The 
performance  improvement  expected  from  using  the  linearizer 
is  estimated  using  an  heuristic  model  based  on  bunching 
experiments[l]. 

Introduction 

Electron  beam  applications,  such  as  free  electron 
lasers,  require  electron  beams  with  both  low  emittance  and 
high  peak  current.  While  the  RF  photocathode  injector  has 
demonstrated  excellent  beam  quality,  the  emittance  has  been 
observed  to  grow  as  the  micropulse  charge  (and  hence  the 
peak  current)  at  the  photocathode  is  increased.  For  the 
injector  discussed  in  this  paper  the  rms  emittance  increases  at 
the  rate  of  1.1  K  mm  mrad  per  nanocoulomb  of  charge[2]. 
This  emittance  growth  can  be  controlled  by  beginning  with  a 
long,  but  high  charge  micropulse  with  a  low  peak  current  in 
the  injector,  and  then,  when  the  beam  is  relativistic, 
compressing  it  in  a  non-isochronous  bend. 


In  this  scheme  the  compression  factor,  the  ratio  of  the 
before  and  after  pulse  lengths,  is  limited  by  the  non-linearities 
introduced  by  RF  and  space  charge  forces.  The  space  charge 
effects  are  already  reduced  by  limiting  the  peak  current  at  the 
cathode  and  are  included  by  using  the  results  of  a  longitudinal 
emittance  experiment.  The  accelerating  RF  waveform 
introduces  a  curvature  to  the  longitudinal  phase  space.  This 
paper  discusses  the  use  of  a  third  harmonic  accelerator  section 
to  both  linearize  the  phase  space  to  increase  the  compress 
factor,  and  to  impress  the  required  energy  slew  for 
compression  in  a  three  dipole  chicane. 

Description  of  the  Experiment 

The  layout  of  the  Boeing  18  MeV  photoinjector 
accelerator  is  shown  in  Figure  1  [3],  The  accelerator  consists 
of  a  433  MHz,  two  cavity  injector  using  a  K2CsSb 
photcathode  driven  by  a  frequency  doubled  Nd-YLF  mode- 
locked  laser[4].  The  energy  after  the  injector  cavities  is  2 
MeV.  This  is  followed  by  four  433  MHz  accelerator  sections 
which  accelerate  the  beam  to  18  MeV.  Besides  quadrupoles 
and  electron  beam  diagnostics,  the  beamline  consists  of  the 
third  harmonic  linearizer  (a  1300  MHz  accelerator  section),  a 
three  dipole  chicane  buncher  and  an  electron  beam  dump. 


“PHOTOCATHODF 


433  MHz  5  CELL 
ACCELERATOR  SECTION 

AXIAL  FIELD  COIL 
TYP 


VIEW  SCREENS  FOR 
PULSE  LENGTH  AND 
EMITTANCE  MEASUREMENTS 


VIEW  SCREEN  FOR 
ENERGY  MEASUREMENT 

CHICANE  BUNCHER 


TO  BEAM  DUMP- 

300  MHz  ACCELERATOR  SECTION 
(3RD  HARMONIC  LINEARIZER) 

QUADRUPOLE  TRIPLET  MAGNET 
TYP 


Figure  1.  Accelerator  configuration  showing  the  injector  cavities,  433  MHz  accelerator  sections,  the  1300  MHz  third  harmonic 
linearizer  and  the  three  dipole  chicane  buncher. 

*Work  supported  by  USASSDC  under  contract  DASG60-90-C-0106. 
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The  object  of  this  experiment  is  to  determine  the 
pulse  compression  factors  both  without  and  with  the  linearizer 
in  operation.  This  is  done  by  measuring  the  pulse  length  after 
the  chicane  with  a  streak  camera,  and  the  energy  spread  at  the 
view  screen  in  middle  dipole  of  the  chicane,  first  using  the  433 
MHz  sections  and  then  the  linearizer  to  produce  the  energy 
slew. 


Calculation  of  Beam  Compression 

The  compression  factor  is  calculated  by  beginning  at 
the  exit  of  the  injector  cavities  and  using  the  following 
relations  to  transform  the  beam's  longitudinal  phase  space 
through  the  accelerator  sections  and  the  chicane.  Since  the 
phase  space  is  distorted  by  non-linear  effects  it  is  necessary  to 
perform  a  ray  tracing  calculation[l]. 

In  terms  of  the  initial  paraxial  longitudinal 
coordinates  AEq  and  A^q,  the  accelerator  transformation  is 

=  ^433  [cos(c0433  A/q  +  <1)433)  -  008(1)433]  +  AEq 

Here  £*433  is  the  peak  energy  gain  in  the  433  MHz  accelerator 
sections  and  <1)433  is  the  micropulse  synchronous  phase 
relative  to  the  accelerating  peak  of  the  433  MHz  waveform. 
Similar  relations  transform  the  beam  through  the  1300  MHz 
linearizer,  so  that  at  the  entrance  to  the  bunching  chicane  the 
transformation  is 

^2=  ^1300  [cos(coi3oo  Afj  +<l)i30o)  -cos<l)i3oo]  +  AEj 

=  ^1300  [cos(3®433  AIq  +  <t)i3oo)  -  coS(t)i3oo] 

+  £433  [cos((0433  ^0  +<t»433)  -“5(1)433]  +  ^0 


A?2=A?i  =  Afo  . 


The  1300  MHz  RF  voltage  is  adjusted  so  that  its 
second  derivative  exactly  cancels  that  of  the  433  MHz 
waveform;  i.e.,  so  that 


iP-AEo 


At  2=^ 


=  0. 


This  condition  is  obtained  when 


£1300cos(1)i3oo 

or  when  the  third  harmonic  section  removes  1/9  of  the  beam 
energy,  or  2  MeV.  Generally,  <1)433  ”  ^1300  chosen 

to  provide  the  temporal  ramp  required  for  bunching  in  the 
chicane,  where  the  transformation  is 
AE3  =  AE2 

=  5  AE2  +  A^2  » 

5  being  the  longitudinal  non-isochronicity  of  the  chicane  (for 
our  chicane,  5  =  50  ps/MeV).  For  the  tightest  possible 
bunching,  we  would  require  an  end-to-end  energy  slew  of  1.1 
MeV  over  the  55  ps  duration  of  the  bunch  in  order  to  collapse 
the  bunch  completely.  This  requires 

^1300  5in<l>1300  =  2-45  MeV. 

Given  that 

^1300  “s  <1)1300  =  2  MeV, 

we  have 


^1300  -  3.2  MeV,  (l)i3oo  -  50°. 

The  calculation  begins  at  the  exit  of  the  injector 
cavity  and  the  initial  phase  space  is  obtained  from  the 
experiment  performed  at  the  ELSA  PEL  facility  at  Bruyeres- 
le-Chatel,  France[l,5].  In  this  experiment  the  uncorrelated 
energy  spread  of  the  injector  beam  was  observed  to  increase 
from  14  KeV  to  22  KeV  as  the  peak  current  density  at  the 
photocathode  was  increased  from  200  A/cm^  to  400  A/cm^ 
with  negligible  pulse  length  elongation.  For  our  case  of  4  nC 
and  55  ps,  the  peak  current  density  is  237  Alcn?.  Therefore 
the  uncorrelated  energy  spread  after  the  injector  is  estimated  to 
be  15  KeV. 

The  longitudinal  phase  space  beginning  at  the 
injector  cavity  exit  and  its  transformations  to  the  entrance  and 
exit  of  the  chicane  are  shown  in  Figure  2.  The  curvature 
distortion  due  to  the  433  MHz  waveform  is  most  evident  at  the 
chicane  exit  where  the  phase  space  has  been  rotated  to  bunch 
the  beam.  Figure  3  shows  the  compressed  phase  space  with 
the  third  harmonic  linearizer  in  use.  The  s-shape  is  due 
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Figure  2.  Evolution  of  the  longitudinal  phase  space  during 
compression  without  the  linearizer. 
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it  has  a  long  tail  reducing  the  number  of  well  bunched 
electrons  by  approximately  half.  In  contrast,  the  linearizer 
produces  a  square  pulse  shape  of  nearly  constant  peak  current. 

Conclusions 

Using  a  third  harmonic  RF  linearizer  before  a  three 
dipole  chicane  buncher  generates  a  nearly  flat-topped  4  nC 
electron  beam  pulse  7  ps  wide  with  a  peak  current  500  A. 
This  square  pulse  shape  makes  efficient  use  of  the  electrons 
and  leads  to  improved  performance  of  devices  such  as  free 
electron  lasers[6]. 
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Figure  3.  Longitudinal  phase  space  after  the  chicane  when  the 
beam  is  linearized  and  compressed. 

to  space  charge  distortion  in  the  injector  and  is  the  result  of  the 
data  analysis  in  Reference  1. 

The  projections  of  the  compressed  phase  spaces  onto 
the  time-axis  are  given  in  Figures  2  and  3  are  shown  in  Figure 
4.  While  the  non-linearized  beam  has  a  smaller  FWHM, 
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Figure  4.  Comparison  of  the  compressed  electron  beam  pulse 
shapes  without  (a)  and  with  (b)  the  phase  space  linearized. 
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Abstract 

We  consider  the  beam  dynamics  associated  with  installing  a  BNL 
type  1  ^  cell  L-band  or  C-band  rf  gun  before  two  TESLA  L-band 
cryomodules.  This  system  will  deliver  a  25  MeV  electron  beam 
with  peak  currents  on  the  order  of  100  A  suitable  for  further  mag¬ 
netic  compression.  We  evaluate  the  injection  systems  utilizing 
the  electron  beam  dynamic  code  PARMELA  from  the  point  of 
view  of  minimizing  the  transverse  invariant  emittance. 

INTRODUCTION 

High-brightness  beams  are  of  great  interest  to  the  acceler¬ 
ator  physics  community  because  of  the  promise  they  hold  to 
access  new  regimes  of  physics.  These  regimes  include  high- 
luminosity  colliders,  high-gain  free-electron  lasers,  and  high¬ 
brightness  photon  beams  which  have  applications  in  both  the 
physical  and  life  sciences.  Rf  guns  remain  the  focus  of  efforts 
to  produce  such  high-brightness  beams.  L-band  (1300  MHz) 
rf  guns  built  at  Los  Alamos  National  Laboratory^  and  S-band 
(2856  MHz)  rf  guns  built  at  Brookhaven  National  Laboratory^ 
have  demonstrated  experimentally  the  value  of  this  approach. 

The  dynamics  of  electron  beams  produced  by  rf  guns  has  been 
the  subject  of  much  attention,  especially  the  beam  dynamics 
pertaining  to  the  production  and  subsequent  dilution  of  beam 
emittance  in  both  transverse  and  longitudinal  phase  space.  The 
two  most  significant  contributors  to  emittance  dilution  in  the 
production  of  electron  beams  are  the  rf  dynamics  (important  for 
long  bunches  relative  to  the  period  of  the  rf  cycle)  within  the  rf 
gun  and  space-charge  effects  (important  for  short  bunches  with 
high  charge  content)  associated  with  self  fields  within  the  electron 
bunch.  In  this  paper  we  will  model  beams  which  fall  into  the  later 
category. 

It  has  been  shown  that  the  emittance  dilution  associated  with 
space-charge  effects  within  an  electron  bunch  can  be  compen¬ 
sated  and  reversed  by  the  simple  technique  of  focusing  the  beam 
with  a  solenoidal  lens  and  allowing  the  beam  to  drift^.  If  one 
takes  the  additional  step  of  accelerating  the  beam  at  an  appro¬ 
priate  point,  it  is  possible  to  lock  in  the  reduced  emittance  of 
the  compensated  beam  near  the  minimum  value.  Further,  it  has 
been  demonstrated  that  this  technique  can  be  extended  beyond 


the  L-band  regime  to  an  S-band  system^  which  in  general  has 
higher  accelerating  gradients  within  the  rf  gun. 

In  this  paper  we  continue  to  explore  this  emittance  compen¬ 
sation  technique  by  applying  it  to  an  rf  gun-focusing  solenoid¬ 
superconducting  linac  system  (see  Fig.  1).  We  examine  two 
possible  rf  guns:  a  1^  cell  BNL  type  1300  MHz  rf  gun  and 
a  5200  MHz  rf  gun.  Table  1  gives  design  parameters  for  the 
two  rf  guns.  For  the  linac  section  we  model  two  TESLA  9- 
cell  cryomodules  which,  when  run  at  accelerating  gradients  of 
10  MV/m,  are  capable  of  boosting  the  beam  energy  by  20  MeV. 
An  important  advantage  to  using  superconducting  linac  sections, 
aside  from  the  high  duty  factor,  is  that  the  larger  apertures  of  the 
accelerating  structures  greatly  reduce  possible  emittance  growth 
due  to  wake  field  effects  acting  on  the  beam.  This  has  been  shown 
to  be  potentially  harmful  to  the  electron  beam  when  an  S-band 
traveling  wave  linac  is  used  during  the  acceleration  stage^. 


Table  1.  Parameters  of  the  modeled  rf  guns 


RF  frequency  [MHz] 

1300 

5200 

RF  Peak  Power  [MW] 

4.8 

7.7 

Field  on  cathode  [MV/m] 

50 

180 

Radius  of  aperture  [cm] 

2.2 

.55 

Radius  of  nose  [cm] 

2.2 

.55 

First  cell  length  [cm] 

5.765 

1.45 

Second  cell  length  [cm] 

13.53 

2.90 

Gun  Exit  Energy,  MeV 

4.8 

4.6 

BEAM  DYNAMICS 

A  bright  beam  at  the  exit  of  an  rf  gun  does  not  assure  an 
equivalent  beam  at  the  final  focus.  The  transport  of  the  beam  in 
conjunction  with  space-charge  forces  must  be  an  integral  part  of 
the  study.  It  has  been  pointed  out  in  the  previous  section,  that  the 
interplay  of  space-charge  forces  with  solenoidal  focusing  forces 
can  lead  to  a  reduction  of  the  transverse  emittance  inside  the 
linac.  Details  of  the  dynamics  of  this  emittance  compensation 
have  already  been  given  in  references  4  and  5. 

Our  studies  have  been  carried  out  by  modeling  the  injection 
system  with  the  2  ^-d  simulation  code  PARMELA^.  The  opti¬ 
mization  procedure  incorporates  the  four  principle  elements  of 
the  system:  an  rf-photocathode  gun,  a  solenoid  pair,  drift  sec- 


0-7803^3053-6/96/$5.00  ®1996  IEEE 


995 


tions,  and  the  linac  sections. 
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Figure.  1.  Schematic  showing  a  general  layout  of  an  rf  gun — 
focusing  solenoid —  superconducting  linac  system. 


Figure.  2.  Invariant  transverse  emittance  vs.  the  distance  of 
the  electron  bunch  from  the  cathode  for  the  cases  of  an  L-band 
(1300  MHz)  rf  gun  and  a  C-band  (5200  MHz)  rf  gun. 


The  parameter  space  for  this  system  is  complex.  We  have 
chosen  to  keep  some  variables  fixed  while  we  vary  others.  We 
vary  the  radius  and  bunch  length  of  the  initial  electron  beam  as 
well  as  the  time  of  launch  relative  to  the  rf  phase.  The  bunch 
charge  is  fixed  at  1  nC,  the  length  of  the  solenoid  is  fixed  at  1 5  cm, 
and  the  average  accelerating  gradient  of  the  linac  sections  is  set  at 
lOMV/m.  The  distance  from  the  cathode  to  the  linac  entrance 
is  varied  as  is  the  position  of  the  focusing  solenoid  relative  to 
the  cathode.  In  general,  it  is  found  that  the  solenoid  needs  to  be 
closer  to  the  cathode  when  the  accelerating  gradient  within  the 
rf  gun  is  low.  A  uniform  beam  distribution  is  used  as  it  offers 
significant  advantages  over  Gaussian  distributions  in  terms  of 
minimizing  the  final  beam  emittance.  Parameters  ranges  used  in 
this  analysis  are  shown  in  table  2. 


Table  2.  Parameters  used  in  the  PARMELA  simulations 
for  axially  symmetric  li-cell  guns  in  a  tt  -mode 
configuration  with  a  solenoid  pair. 


Field  on  cathode  [MV/m] 

40  to  300 

Initial  phase  [degree] 

20  to  70 

Laser  spot  size^  [cm] 

0.05  to  0.4 

Laser  pulse  width"  [ps] 

5  to  20 

Charge  [nC] 

1 

Solenoidal  field  Bq  [kG] 

1. 5-5.0 

Solenoid  length  [cm] 

15.0 

^Uniform  profile 


We  show  in  Fig.  2  solutions  for  delivering  a  1  nC  beam  through 
the  linac.  The  L-band  rf  gun  result  assumes  a  peak  axial  electric 
field  of  50  MV/m.  It  is  of  particular  interest  that  the  emittance 
compensation  technique  continues  to  work  for  the  C-band  rf  gun 
operating  with  peak  axial  electric  fields  at  180  MV/m. 

We  explore  this  effect  further  by  obtaining  the  minimum  trans¬ 
verse  emittances  achievable  when  operating  the  rf  gun  with  dif¬ 
ferent  accelerating  gradients.  The  results  of  this  analysis  are 
shown  in  Fig.  3.  Both  rf  guns  exhibit  a  strong  upturn  of  emittance 
at  lower  accelerating  gradients  showing  that  it  is  advantageous  to 
apply  high  accelerating  gradients  at  the  electron  source.  These 
high  gradients  reduce  the  development  of  emittance  growth  but 
do  not  seriously  detract  from  the  ability  to  compensate  for  the 
emittance  growth  that  does  occur. 
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1.5  Cell  RF  Guns  -  PARMELA  Results 


Figure.  3.  Invariant  transverse  emittance  vs.  the  cathode 
peak  electric  field  for  the  cases  of  an  L-band  (1300  MHz)  and  a 
C-band  (5200  MHz)  rf  gun 


CONCLUSIONS 

We  have  verified  that  the  emittance  growth  resulting  from 
space-charge  induced  phase-space  dilution  can  be  compensated 
when  an  L-band  rf  gun  is  incorporated  into  an  inline-injection 
system.  In  addition,  we  have  shown  that  this  compensation  works 
as  well  or  better  when  higher  accelerating  gradients  are  intro¬ 
duced  into  the  rf  gun.  Unfortunately,  the  application  of  high 
gradients  in  an  L-band  gun  is  limited  by  Kilpatrick  scaling'^  to 
axial  accelerating  fields  on  the  order  of  60  MV/m.  However, 
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we  have  shown  that  it  is  still  possible  to  achieve  good  emittance 
compensation  at  higher  frequencies  where  higher  accelerating 
gradients  are  attainable. 
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Abstract 

A  500  MeV,  1.3  GHz  superconducting  linear 
accelerator  is  being  studied  and  built  to  serve  as  a  test  facility 
for  the  TESLA  linear  collider  project.  The  phase  1  injector, 
having  an  energy  of  8  -  14  MeV  and  an  intensity  of  8  mA 
with  a  high  duty  cycle  (800  microseconds,  10  Hz  repetition 
rate),  consists  of  a  250  keV  electron  gun,  a  216.7  MHz  sub¬ 
harmonic  buncher  and  a  superconducting  capture  cavity  at  the 
main  linac  frequency.  The  main  characteristics  (intensity, 
position,  emittance,  bunch  length,  energy  spread)  are  to  be 
measured  using  different  techniques.  A  particular  effort  will  be 
made  on  the  use  of  optical  transition  radiation  (OTR)  for  the 
determination  of  the  transverse  beam  emittance  as  well  as  the 
bunch  length.  The  injector,  involving,  the  participation  of 
three  French  laboratories  (LAL,  CEA/DAPNIA,  IPN),  will  be 
tested  partly  in  France  (Orsay-Saclay)  and  then  completely  at 
DESY  (Hamburg), 

1.  INJECTOR  DESCRIPTION 

The  TTF  linac  injector  can  be  conveniently  divided  into  5 
sections;  (i)  a  250  kV  electron  source  and  its  associated  power 
supply,  (ii)  a  250  keV  electron  transport  line,  (iii)  a 
superconducting  RF  "capture  cavity"  to  bunch  and  accelerate 
the  incoming  beam  to  energies  of  8  to  14  MeV,  (iv)  a  beam 
analysis  station  to  measure  the  properties  of  the  accelerated 
beam,  and  (v)  a  high  energy  transport  line  to  match  the  beam 
to  the  TTF  linac. 

As  the  TTF  injector  has  already  been  described  elsewhere 
[1,2,3]  we  will  give  only  a  brief  description  of  each  of  these 
sections  before  describing  in  more  detail  the  diagnostics  which 
will  be  used  on  the  injector.  Table  1  shows  the  main 
specifications  for  the  injector.  A  brief  description  of  the  TTF 
linac  can  be  found  in  reference  4. 


Table  1 

Specification  of  the  TTF  Injector 


Beam  energy 
Average  current 
Pulse  length 
Bunch  length  (rms) 
Energy  spread  (rms) 
RMS  emittance 
Repetition  rate 


>8  MeV 
8mA 
800  |Lis 
1  mm 
<  1% 

10  mm-mrad 
10  Hz 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1.1  The  Electron  Source  and  Power  Supply 

The  injector  employs  a  250  keV  electron  source  in  which  the 
electrons  are  first  accelerated  to  a  nominal  30  keV  in  a 
conventional  thermionic  triode  gun  before  receiving  the 
additional  energy  by  acceleration  in  a  90  cm  long  electrostatic 
column.  Further  details  of  the  30  kV  gun  can  be  found  in  a 
companion  paper  [5].  The  electrostatic  column  is  a 
commercial  tube  employing  a  series  of  metallic  field-grading 
electrodes  interspersed  by  glass  insulators  glued  to  the 
electrodes.  The  gun  and  the  column  are  fed  by  individual 
power  supplies,  40  kV  for  the  former  and  300  kV  for  the 
latter.  To  obtain  a  stable  voltage  during  the  800  [is 
macropulse  the  column  is  powered  via  a  33  nF  capacitor. 
Measurements  of  the  long  term  voltage  stability  show  the 
variations  in  the  power  supply  are  inferior  to  IxlO"'^.  The 
entire  power  supply  equipment,  which  was  constructed  by 
Sefelec,  has  been  tested  to  full  voltage.  The  column-gun 
arrangement  is  pumped  via  a  200  1/s  pump  at  the  outut  of  the 
column.  The  vacuum  conductance  of  the  column  limits  the 
pumping  speed  at  the  gun  to  35  1/s.  Following  baking  of  the 
gun  (80°C)  and  the  column  (bO^'C  -  limit  recommended  by 
manufacturer)  the  base  pressure  in  the  column  is  4x10"^  mbar. 
Modulation  of  the  gun  is  obtained  by  applying  a  train  of  -100 
V,  1  ns  pulses  to  the  cathode  from  a  wide-band  amplifier.  The 
input  pulse  to  the  amplifier  can  be  varied  in  repetition  rate 
from  217  MHz  down  to  1  MHz.  The  amplifier  (Nucletudes, 
France)  and  its  associated  electronics  has  been  tested  into  a 
dummy  load  and  performs  according  to  specification. 

1.2  The  250  keV  Transport  Line 

Along  with  the  diagnostics  (described  below)  the  main 
elements  of  the  250  keV  line  consist  of  4  shielded  solenoidal 
focus  lenses,  and  a  216.7  MHz  sub-harmonic  pre-bunching 
cavity.  The  lenses,  required  to  transversely  confine  the  beam 
during  transport  to  the  capture  cavity,  each  provide  an 
integrated  strength  of  8x10’^  T^m  over  an  active  length  of  9.4 
cm  and  with  a  peak  field  of  350  Gauss.  One  of  the  four  lenses 
is  constructed  as  a  ’double  lens',  i.e.  two  lenses  with  their 
magnetic  fields  in  opposing  directions.  This  means  that  there 
is  no  net  rotation  for  the  beam  on  passing  through  the  lens 
and  thus  it  can  be  conveniently  used  for  beam  emittance 
measurements.  Each  lens  (purchased  from  Sigmaphi) 
incorporates  a  pair  of  horizontal  and  vertical  steering  elements 
in  which  the  conductors  are  drawn  onto  printed  circuit  boards 
mounted  inside  the  solenoids.  The  sub-harmonic  bunching 
(SHB)  cavity  is  a  single  re-entrant  cell  fabricated  in  stainless 
steel.  To  reduce  the  cavity  RF  losses  the  internal  surface  has 
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received  a  thin  (40  |im)  deposition  of  copper.  The  cavity  is 
powered  by  a  2  kW  RF  amplifier  capable  of  delivering  5  ms 
pulses  at  10  Hz.  The  amplifier  (RFTS,  Bordeaux),  which  was 
specified  to  have  phase  stability  of  0.5°  and  an  amplitude 
stability  of  0.5%  during  a  1  ms  pulse  has  been  fully  tested  and 
shown  to  meet  its  specifications.  The  cavity  has  been 
conditioned  with  full  RF  power  and  bench  measurements  have 
confirmed  the  computed  shunt  impedance  and  unloaded  Q  of 
the  cavity  (Rg  =  3  MQ,  Qo  =  22000).  With  the  exception  of 
the  SHB  all  elements  on  the  250  keV  beam  line  have  been 
mounted  on  a  common  girder  and  the  girder  has  been  installed 
at  the  output  of  the  high  voltage  column.  At  the  time  of 
writing  tests  of  the  250  keV  beam  are  planned  to  commence  at 
the  beginning  of  May  1995. 

1.3  The  Capture  Cavity 

After  the  SHB  further  bunch  compression  is  performed  by  a 
superconducting  (SC)  cavity.  The  SC  cavity  is  a  standard 
niobium,  9  cell,  TESLA  cavity,  fabricated  by  CERCA  S.A. 
(France).  After  hydroforming  the  half  cells,  heat  treatment  in  a 
vacuum  furnace  was  performed  at  Saclay  (1300°C  for  1000 
minutes)  which  improves  the  residual  resistivity  ratio  (RRR) 
of  the  niobium  to  an  estimated  value  of  360.  Following  this 
treatment,  complete  electron  welding  of  the  cells,  coupler 
ports  and  helium  tank  connecting  flanges  was  accomplished. 
The  chemical  polishing  treatment  of  the  cavity  internal  surface 
(105  |Lim)  was  followed  by  High  Pressure  Water  Rinsing  (100 
bar)atDESY. 

The  cavity  was  tested  at  DES  Y  in  a  vertical  cryostat  equipped 
with  a  special  coupler  and  waveguide  transition  for  RF 
conditioning  using  High  Peak  Power  (HPP)  processing. 
Initial  HPP  in  LHe  at  4K  was  applied  to  the  cavity  with  1 
MW  peak  power  RF  pulses  at  a  repetition  rate  of  2  Hz  and 
progressively  increasing  pulse  lengths  (50  [is,  100  |Lis,  200 
1U.S).  During  this  first  experiment  the  accelerating  field  reached 
21  MV/m  with  a  Qext  =  After  cooling  the  helium  bath 
to  1.8  K  further  HPP  conditioning  was  applied  culminating  in 
a  maximum  accelerating  field  of  23  MV/m  with  a  300  |as  RF 
pulse.  Measurement  of  the  Q  vs  E^cc  at  1.8  K  in  cw  mode 
shows  a  very  good  low  field  Qq  (1.4x10^^)  and  absence  of 
electron  emission,  however  the  accelerating  field  was  limited 
to  14.5  MV/m  by  a  quench.  In  conclusion  the  fabrication 
methods  and  the  treatments  were  validated  giving  very  good 
results  for  this  cavity  so  allowing  its  mounting  into  the 
capture  cryostat.  Simulation  studies  of  the  injector  show  a 
large  tolerance  for  the  acceptable  accelerating  field  (8-15 
MV/m)  in  order  to  achieve  the  required  electron  beam 
specifications  at  the  entrance  to  the  first  cryomodule. 

The  cold  tuning  system  is  now  ready  to  be  mounted  in  the 
cavity.  It  was  assembled  on  a  TESLA  cavity  and  tested  at 
room  temperature  giving  a  frequency  tuning  range  of  ±  470 
kHz.  A  complete  mechanical  test,  including  the  stepping 
motor,  was  performed  in  a  LN2  bath. 

The  main  parts  of  the  capture  cryostat  are  now  fabricated  and 
the  assembly  has  started.  A  special  interface  cold  box  is  under 
construction  in  order  to  perform  a  complete  test  of  the  cavity 
with  its  coupler  at  the  nominal  operating  conditions,  both 
with  cryogenic  and  RF  power. 

The  capture  cavity  klystron  has  been  succesfully  tested  to  300 
kW  peak  power  with  RF  pulses  of  2  ms  (10  Hz  repetition 
rate).  The  modulator  exhibits  a  plateau  stability  of  0.1% 


during  the  pulse.  The  phase  and  amplitude  control  loops  are 
now  constructed  and  the  design  concepts  were  succesfully 
tested  in  the  MACSE  facility  at  Saclay  with  the  nominal 
pulsed  condition  of  the  TTF  linac. 

1.4  The  Beam  Analysis  Line 

In  order  to  verify  the  beam  parameters  after  acceleration  in  the 
capture  cavity,  and  to  allow  regulation  of  the  RF  phases,  a 
beam  analysis  line  is  installed  down  stream  of  the  capture 
cavity.  The  high  energy  beam  is  deviated  by  a  dipole  magnet 
having  a  bend  radius  of  700  mm  and  a  bend  angle  of  60°. 
Vertical  edge  focusing  is  provided  by  introducing  a  wedge 
angle  of  18.24°  at  the  exit  and  entrance  faces.  The  resulting 
horizontal  focal  plane  is  1242  mm  downstream  of  the  exit 
face,  and  consequently  energy  spread  measurements  will  be 
made  in  this  plane  as  described  below.  The  maximum 
allowable  field  in  the  magnet  is  O.IT,  permitting  electrons  of 
energies  upto  20  MeV  to  be  measured. 

1.5  The  High  Energy  Transport  Line 

The  principal  elements  of  the  high  energy  transport  line,  again 
with  the  exception  of  the  diagnostics  described  below,  consist 
of  a  pair  of  quadrupole  triplets  which  will  be  used  to  transport 
the  beam  emerging  from  the  capture  cavity  to  the  first 
cryomodule  of  the  TTF  linac.  Again,  the  triplets  incorporate 
steering  elements  to  properly  centre  the  beam  at  the  input  to 
the  first  cryomodule.  At  a  later  stage  we  plan  to  install  a 
magnetic  chicane  on  this  line  to  permit  experiments  with  off- 
axis  beams  in  the  linac.  X-ray  diodes,  situated  close  to  beam 
collimators,  will  indicate  the  presence  of  beam  losses  when 
tuning  the  injector.  While  tuning,  the  beam  will  be  stopped  in 
a  cooled  Faraday  cup  capable  of  handling  the  1  kW  average 
beam  power. 

2.  BEAM  DIAGNOSTICS 

In  order  to  measure  and  check  the  beam  characteristics 
appropriate  instrumentation  is  installed  along  the  linac.  On 
the  250  keV  beam  line,  up  to  the  first  cryomodule,  numerous 
monitors  are  provided  due  to  the  necessity  to  verify  and,  if 
possible,  improve  the  initial  beam  characteristics.  Non 
destructive  monitors  are  used  for  beam  intensity,  position  and 
RF  phase  but  all  profile  monitors  are  destructive. 

2.1  Intensity  and  Position  Measurements 

The  beam  pulse  at  the  gun  exit  will  be  checked  with  a 
capacitive  pick-up  made  from  an  alumina  ring  with  a  copper 
deposition  on  its  inner  and  outer  surfaces.  The  capacitance  is 
120  pF.  Current  monitors  using  toroids,  placed  before  and 
after  the  capture  cavity  permit  beam  intensity  monitoring  and 
allow  beam  losses  to  be  detected  to  provide  a  "trip"  signal  to 
turn  off  the  gun. 

Beam  position  monitors  (BPM’s)  of  the  "button  electrode" 
type  have  been  constructed  to  monitor  the  beam  position 
throughout  the  injector.  An  additional  electrode  on  one  BPM 
allows  a  measurement  of  the  RF  phase  of  the  beam  with 
respect  to  the  master  oscillator  phase.  The  beam  centroid  is 
evaluated  using  the  signals  delivered  by  four  electrodes.  These 
signals  are  first  filtered  and  then  RF  multiplexed  before  being 
treated  in  a  single  analogue  electronic  channel  so  as  to  avoid 
discrepancies  due  to  different  gains,  bandwidths  or  zero  offsets 
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between  four  different  channels.  Results  concerning  the  beam 
position  are  represented  on  a  graphic  page  using  written 
indications  (position  in  mm)  or  bar  graphs.  Acquisition  and 
timing  procedures  are  monitored  through  a  VME  card.  Time 
shuttering  inside  the  macropulse  is  forseen.  This  will  allow  a 
sharper  analysis  of  the  beam  position. 

2.2  Beam  Profile  Measurements 

The  6-D  emittance  is  obtainable  through  transverse  and 
longitudinal  profile  measurements.  Developments  in  optical 
methods  and  of  the  associated  software  tools  make  them 
preferable  for  this  task  [6].  Nevertheless,  more  classical 
methods  using,  for  example,  secondary  electron  emission  are 
also  considered. 

Transverse  Beam  Profiles 

Secondary  electron  emission  with  SEM~grids  and  optical 
transition  radiation  with  aluminium  foils  and  luminescent 
screens  are  used.  Retractable  aluminium  oxide  screens  with  a 
thin,  transparent,  deposition  of  indium  oxide  are  used  before 
and  after  the  capture  cavity  to  get  approximate  information  on 
the  beam  dimensions.  Quantitative  information  on  the  beam 
profile  is  obtained  by  an  SEM-grid  placed  between  the  SHE 
and  the  capture  cavity.  The  low  beam  energy  (250  keV) 
implies  short  stopping  ranges  and  high  energy  deposition  in 
the  grid  material.  Therefore  titanium  strips  of  only  12  |xm 
thickness  were  chosen.  To  permit  high  enough  resolution  and 
measurement  range,  an  SEM-grid  with  32  strips  of  300  |am 
width  and  400  [im  separation  has  been  constructed.  Integrators 
with  LF356  op-amps  are  connected  to  the  strips.  An 
adjustable  gain  amplifier  is  added  in  each  channel.  Digitisation 
is  ensured  via  a  MAX255  circuit.  Each  of  these  modules  has  8 
sample-and-holds  with  a  multiplexer,  an  8  bit  ADC  and  an  8 
bit  X  8  channel  memory.  Data  treatment  is  done  with  standard 
VME.  Beam  profiles  are  displayed  on  a  monitor  and  the 
corresponding  widths  (FWHM,  RMS...)  sent  to  a  data  base. 
Due  to  space-charge  effects  at  this  energy  an  appropriate 
procedure  is  necessary  for  the  emittance  calculation.  It  uses  the 
integration  of  the  Kapchinsky- Vladimirsky  envelope  equation, 

R"  +  K(z)R  -  2I/Ia(Py)^R  -  e^/R3  =  0 

This  equation  is  integrated  succesively  for  n  different 
settings  of  a  magnetic  focusing  lens  placed  before  the  SEM- 
grid.  The  calculated  radii  are  then  compared  to  the  measured 
ones  and  a  least  squares  fit  method  gives  the  value  of  the 
emittance,  radius  and  divergence  of  the  beam  upstream  of  the 
magnet.  The  Twiss  coefficients  are  then  derived  and  the  ellipse 
constructed  and  displayed  [7].  A  100  ns  gating  system  allows 
emittance  analysis  inside  the  macropulse. 

An  SEM-grid  made  of  40  tungsten  wires  (20  micron  diameter, 
2  mm  separation)  placed  in  the  horizontal  focal  plane  of  the 
bending  magnet  of  the  injector  analysis  line  will  provide 
energy  spread  measurements  with  a  dispersion  of  16  mm/%. 
Profiles  and  associated  widths  are  processed  as  described  above. 
After  acceleration  in  the  capture  cavity,  the  transverse  beam 
profile  will  be  measured  using  OTR.  N  profiles, 
corresponding  to  N  different  settings  of  the  quadrupole  triplet 


upstream  will  permit  the  emittance  to  be  calculated  using  the 
"method  of  three  gradients"  and  a  least  square  fitting  routine. 
An  intensified  CCD  camera  permits  time  resolved  emittance 
meaSkSrements  in  the  macropulse  with  a  minimum  time 
window  of  100  ns.  The  beam  divergence  at  the  OTR  location 
will  be  obtained  by  collecting  part  of  the  optical  image  after  a 
beam  splitter.  This  will  be  done  by  placing  the  CCD  camera 
in  the  focal  plane  of  the  lens.  A  digitising  card  (IPP/ELTEC) 
working  on  a  VME  standard  will  allow  digital  conversion,  on 
8  bits,  of  4  cameras  at  video  standard  CCIR  or  EIA.  An 
interlaced  mode,  however,  is  not  allowed  here.  Image  storage 
will  be  done  in  a  1  Megabyte  memory  zone.  External 
synchronisation  for  the  acquisition  is  used.  Gain  and  offset  at 
the  entrance  of  the  ADC  is  programmable.  A  video  output  is 
used  to  obtain  the  beam  spot.  A  C-library  is  connected  to  this 
card.  The  use  of  numerical  filters,  mathematical  transforms 
and  histogram  construction  is  available  by  this  means. 
Moreover,  this  library  supports  the  hardware  functions.  It 
works  under  OS9  and  some  modifications  have  made  it  usable 
under  LynxOS  and  VXWorks. 

Longitudinal  Beam  Profile 

A  second  beam  splitter  will  take  part  of  the  optical  light  to 
a  streak  camera  (ARP-RGM-SCl)  having  a  resolution  of  3  ps. 
Bunch  lengths  will  thus  be  determined. 

3.  SUMMARY 

A  brief  description  of  the  status  of  the  TTF  injector  has 
been  given.  The  electron  source  and  the  250  keV  beam  line  are 
essentially  complete  and  beam  tests  will  begin  soon.  A 
capture  cavity  with  the  desired  RF  performance  has  been 
produced  and  its  cryostat  is  under  fabrication.  The  klystron  has 
been  tested  to  full  power.  The  magnets  for  the  high  energy 
beam  line  have  been  specified  and  are  on  order  from  industry. 
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Abstract 

Nonlinear  optics  effect  of  the  beam  extracted  from  ECR 
ion  source  is  studied.  Hollow  beam  formation  due  to 
aberrations  of  einzel  lens  is  examined  both  numerically  and 
analytically.  Description  of  beam  intensity  redistribution  due 
to  nonlinear  focusing  field  is  given.  The  analytical  relationship 
between  the  initial  and  the  final  beam  distribution  in  the 
extraction  region  is  derived. 

I.  INTRODUCTION 

Beam  quality  of  a  heavy  ion  accelerator  complex  is 
mostly  defined  by  the  extraction  region  of  ion  source  where  a 
space  charge  and  a  nonlinear  external  focusing  field  are 
essential.  The  extraction  region  of  the  18  GHz  ECR  ion 
source  which  is  under  construction  to  upgrade  RIKEN 
Accelerator  Research  Facility  consists  of  an  extraction 
electrode  under  the  voltage  of  Uext=10kV  followed  by  a 
three-electrode  Einzel  lens  (see  fig.l).  After  passing  the  lens, 
the  beam  has  to  be  focused  into  a  spot  with  a  diameter  of  10 
mm  to  be  matched  with  the  following  transport  system.  The 
purpose  of  this  study  is  to  examine  nonlinear  beam  optics 
effects  which  can  influence  the  beam  profile  and  emittance 
shape  of  the  extracted  beam. 

11.  BEAM  EMITTANCE 

In  ECR  ion  source  particles  are  born  in  strong 
longitudinal  magnetic  field  B  fulfilling  the  ECR  resonance 
condition  2c0l=(0rp  where  cOl  =qBz/2m  is  Larmor’s  frequency 
and  cOrp  is  a  microwave  frequency.  The  effective  phase  space 
area  occupied  by  the  ensemble  of  particles  is  defined  by  the 
value  of  root-mean-square  (RMS)  normalized  beam  emittance 

e  =  — ^V<x^>  <PxV  -  <xPx>^,  (1) 

mo  c 

where  x  is  a  transversal  Cartesian  coordinate  and  Px  is  a 

canonical  conjugate  momentum  of  particle.  For  particles  in 
ion  source  one  can  put  <xPx>  =  0.  Canonical  momentum  of  a 
particle  Px  in  longitudinal  magnetic  field  is  a  combination  of 
mechanical  momentum  px  and  qAx  where  q  is  a  particle 
charge  and  Ax  is  a  x-component  of  vector  potential  of 
magnetic  field: 

Px  =px  “  qAx  =px  -  q  ^  ^  .  (2) 

2 


2,  cm 


Fig.  1:  Particle  trajectories  in  the  extraction  region  of  thel8 
GHz  ECR  ion  source. 


The  first  integral  in  eq.  (3)  describes  the  thermal  spread  of 
mechanical  momentum  of  particles  in  plasma.  The  values  of 
mechanical  momentum  are  defined  by  temperature  of  ions  Ti 

therefore  one  can  put  <Px^>  =  <  Pth^>  =  nio^Tj  where  k  = 

8.617  X  10"^  eV*K“^  is  Boltzmann's  constant.  The  middle 

integral  equals  zero  due  to  symmetric  property  of  distribution 
function  f  and  thermal  momentum  p^  with  respect  to 

coordinate  y.  The  last  integral  is  proportional  to  the  RMS 
value  of  transverse  coordinate  <y^>.  For  most  of  the  beam 
distributions  <y^>  =  R^/4  where  R  is  a  beam  radius 
comprising  around  90%  of  particles.  Finally  the  value  of 
<Px^>  is  defined  as  follows: 


<Px>  =  <pl>  + 

4 


(4) 


Combining  the  obtained  value  of  <Px^>  with  equation  (1) 
the  value  of  normalized  beam  emittance  e  is  given  by: 


e  =  2R 


V 


1  kTi  ^ 

r  (ol  rV 

moC?  ' 

1-  2  c  j 

(5) 


The  formula  (5)  is  usually  used  for  estimation  of  emittance 
of  the  beam  with  ambient  magnetic  field  on  the  cathode  [1]. 

For  the  considered  case  of  the  18  GHz  ECR  ion  source  the 
resonant  value  of  magnetic  field  is  B=0.637  T.  The  normalized 
beam  emittance  of  an  Ar"*"^  beam  with  the  temperature  kTi 
=3eV  is: 


Calculation  of  RMS  value  of  canonical  momentum  gives:  ^  ^  2  x  SxlO-^xfoFWVT^  =  3.3  x  lO'^  tc  m  rad.  (6) 

<Px>  =  <px>  “  c|  Bz  <px  ^  ^  ^  •  (3) 
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The  beam  emittance  is  mostly  defined  by  the  value  of 
magnetic  field. 

III.  NUMERICAL  STUDY  OF  BEAM  OPTICS 

Numerical  calculation  of  beam  extraction  was  performed 
with  the  computer  program  BEAMPATH  [2].  Ion  trajectories 
start  from  a  concave  plasma  emitting  surface  within  the  beam 
convergence  angle  0  defined  by  an  aspect  ratio  R/d  of 
extraction  region  and  a  ratio  of  beam  perveance  P  =  I/Uext^^ 

to  Child-Langmuir  perveance  Pq  =  (4n/9)eo(R^/d^)(2q/m)>^ 
of  one  dimensional  diode  [3]: 

e  =  -  0.625  E.  (P-  -  1)  .  (7) 

d  Po 

For  the  expected  value  of  beam  current  1=100^1  A  of  Ar^^ 
the  flow  of  particles  is  not  space  charge  dominated  and 
therefore  initial  convergence  of  the  beam  0  =  -  0.075  is 
mostly  defined  by  the  focusing  properties  of  extraction 
region. 

Particle  trajectories  obey  the  equations  of  motion 
derived  from  a  single  particle  Hamiltonian: 

u  =-L-  [p2+(  ^  -  qAe^  +pi  ]  +  q  (Uf  +Uc )  .  (8) 

2  m  r 

where  pr  ,  P0  and  pz  are  components  of  momentum  of  the 
particle,  Uf  is  a  potential  of  the  focusing  field,  U  c  is  a  space 
charge  potential  of  the  beam  and  A0  =  Bzr/2  is  a  vector 
potential  of  the  magnetic  field.  From  computer  simulation  of 
the  beeim  extraction  problem  in  the  ECR  ion  source  it  follows 
that  the  beam  can  obtain  hollow  structure  at  the  point  of 
crossover  (see  fig,  2).  The  same  phenomenon  is  observed  in 
high  perveance  electron  guns  [4]  and  under  focusing  of  an 
electron  beam  by  short  solenoid  lenses  with  large  aberrations 
[5].  For  more  details,  let  us  consider  the  following  analytical 
model. 


IV.  HOLLOW  BEAM  FORMATION 

For  particles  bom  in  the  magnetic  field  of  ECR  ion 
source,  the  value  of  azimuth  component  of  canonical 
momentum  is: 

Pe  =  qBz  ^  .  (9) 

2 

If  the  thermal  spread  of  particle  momentum  is  negligible 
the  value  of  normalized  beam  emittance  is  connected  with  the 
maximum  value  of  canonical  momentum: 

c  —  1  R  ^  (10) 

m  c  R  c 

After  extraction  from  ECR  source  particles  pass  through 
the  focusing  lens  and  then  move  in  a  drift  space.  Electric  field 
of  the  lens  provides  focusing  which  consists  of  a  linear  term 
Gand  higher  order  terms.  We  restrict  our  consideration  to  the 
first  nonlinear  term  of  electric  field  G3.  The  transverse 

equation  of  motion  of  a  particle  in  this  region  is  given  hy 
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Fig.  2:  Cross  section  of  the  beam  (top)  and  phase  space 
projections  of  particles  (bottom)  at  z=16  cm  (left  column)  and 
at  z  =  60  cm  (right  column). 


dl-  =  Pj-  -  -9-  [G(z)  r  +G3(z)i^  +...]  .  (11) 

dt^  mV  m 

We  assume  the  thin  lens  approximation  which  means  that 
the  length  of  the  lens  is  small  in  comparison  to  the  focal 
length.  Therefore  the  radius  of  particle  ro  is  not  changed 

during  the  time  of  passing  through  the  lens  ti .  Equation  (8) 
can  be  integrated  to  obtain  the  relationship  between  the  initial 
and  the  final  radii  of  particle  in  the  drift  region: 

r^  =io  {[1  -  fto)xf +x^  }  ,  (12) 

where  T  =  COtt  is  a  dimensionless  time  of  particle  drift  and 
the  following  notations  are  used: 

f(ro)  =  (1h8  ri)Ti;  8= — 

q 

-9-G 

Tl  =  fL^-1)  ti  (Ol  .  (13) 

co£ 

To  find  the  beam  density  redistribution  let  us  take  into  account 
that  the  number  of  particles  dN  inside  a  thin  ring  (r,  r+dr)  is 
constant  during  the  drift  of  the  beam,  hence  the  particle 
density  p(r)=dN/(27trdr)  at  any  z  is  connected  with  the  initial 
density  p(ro)  by  the  equation  p  (r)  =  p  (ro)  do  or: 
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(14) 


V.  CONCLUSIONS 


P  (r)  =p  (ro)- - - - — ^ 

x^+2r?tTi8(xf-l)  +  (cf-ir 

From  this  relationship  it  follows  that  changing  of  the  beam 
profile  is  observed  when  a  nonlinear  term  of  the  focusing 
field  is  not  zero  (5  ^  0).  The  linear  focusing  lens  (6  =0) 
conserves  the  beam  profile  and  changes  only  sizes  of  the 
beam.  Introducing  the  nonlinear  component  of  focusing  field 
results  in  beam  intensity  redistribution  according  to  the  above 
formula  and  finally  in  hollow  beam  formation  (see  fig.3). 

The  hollow  beam  profile  formation  can  be  understood 
from  the  fact  that  spherical  aberration  of  an  electrostatic  lens 
increases  focusing  of  particles  in  comparison  with  the  ideal 
linear  focusing  [6].  As  a  sequence  the  peripheral  particles  in 
the  drift  region  move  faster  to  the  axis  than  the  inner  beam 
particles.  It  results  in  a  most  populated  boundary  of  the 
compressed  beam  than  the  core  of  the  beam  at  the  point  of 
crossover. 

Hollow  beam  formation  is  accompanied  by  emittance 
growth  of  the  beam  due  to  nonlinearity  of  a  focusing  lens.  In 
the  considered  case  the  effective  root-mean-square  emittance 
is  increased  by  1.3  times  (see  fig.  2).  For  keeping  the  quality 
of  the  beam  obtained  from  an  ion  source  the  nonlinearity  of 
the  focusing  lenses  have  to  be  minimized. 


Nonlinear  beam  effect  associated  with  hollow  beam  profile 
formation  in  the  extraction  region  of  ECR  ion  source  was 
examined  via  numerical  particle  tracking  and  analytical 
treatment.  Simple  formula  has  been  derived  to  control  the 
significance  of  aberrations  with  respect  to  linear  focusing  and 
value  of  longitudinal  magnetic  field  in  ECR  source. 
Calculations  done  are  important  in  the  problem  of  matching  of 
the  beam  with  accelerating  structures. 
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Fig.  3:  Beam  profile  conservation  in  linear  focusing  field  (left)  and  hollow  beam  formation  in 
nonlinear  field  (right),  calculated  by  formula  (11). 
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Brief  description  of  design  and  performance  of  some  ion 
sources,  developed  at  the  Efremov  Institute  for  use  in  different 
types  of  accelerators,  is  given.  They  are  several  modifications 
of  duoplasmatron  ion  source  including  H”-version;  RF-, 
Penning,  Freeman  and  ECR  ion  sources  for  positive  ion  and 
cesium  sputter  source  for  negative  ion  production.  Extracted 
current  range  spans  lO'"^  - 10^^  mA. 

1.  INTRODUCTION 


with  current  in  1  -  100  mA  range  in  cw  and  100  -  1200  mA 
in  pulse  mode  of  operation. 

The  similar  source  with  1.2  -  1.5  mm  displaced  emissive 
hole  provides  the  Hi  beam  current  up  to  120  |xA.  It  can  be 
used  also  for  high  brightness  H^i  beam  generation  with 
current  up  to  100  |iA  and  60%  proton  component. 

The  duoplasmatron  with  hollow  tubular  discharge 
developed  yields  H  i  beam  current  up  to  1  mA  in  cw  and  up 
to  20  mA  in  pulse  mode  without  cesium  adding  [2]. 


Ion  sources  (IS)  of  different  types  have  been  developed  at 
the  Efremov  Research  Institute  and  many  of  them  are  in 
operation  during  long  time  in  Van  de  Graaf  accelerators, 
tandems,  in  linear  accelerators’  injectors,  neutron  generators, 
ion  separator  installations,  ion  implantation  setups,  etc. 
Hereafter  we  will  outline  some  of  the  sources  recently 
improved  or  developed. 

IL  DUOPLASMATRON 

There  are  many  modifications  of  duoplasmatron  IS  have 
been  developed  at  the  Efremov  Institute  during  more  than  30 
years  [1-3].  The  basic  construction  of  the  source  is  being 
used  in  recent  years  is  shown  in  Fig.l.  One  of  its  design 
feature  is  using  the  silver-  or  copper- soldered  metal-ceramic 

vacuum  sealing 

connections  that 
provide  precision  in 
line  assembly  of  the 
source  electrodes  to 
0.02  mm  and  allow  to 
heat  them  when 
outgassing.  The 
employing  of  copper- 
tungsten  and  copper- 
steel  thermo-diffusive 
welding  when  anode 
insert  and  anode  itself 
manufacturing  makes 
it  possible  to  increase 
permissible  discharge 
power  up  to  1.2  kW. 
The  directly  heated 
impregnated  cathode 
is  used  in  the  source. 
The  life  time  of  such 
cathodes  in  hydrogen  plasma  is  more  than  1000  hours.  The 
different  models  of  the  duoplasmatron  are  designed  to 
generate  i  ,  He^,  Ar^  and  another  ion  species  beam 


Fig.  1  Duoplasmatron  Ion  Source 
1  -  cathode,  2  -  anode,  3  - 
intermediate  electrode,  4-  magnet 
coil,  5  -  extracting  electrode. 
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III.  RF  ION  SOURCE 

Some  of  the  Van  de  Graaf  accelerators  manufactured  at 

the  Efremov  Institute 
are  under  operation 
during  many  years  in 
different  scientific 
centers.  The  model 
of  RF  source 
developed  in 

particular  for 

upgrading  in  such 


1  -  discharge  tube,  2  -  permanent 
magnets  (BaFe),  3  -  extracting 
electrode  (Al),  4  -  accelerating 
electrode,  5  -  focusing  electrode,  6 
-  interface  electrode. 


machines  is  shown  in 
Fig.  1.  The  quartz 
tube  is  used  as  the 
discharge  chamber. 
The  plasma  potential 
is  defined  by  the 
holders  of  anode 
quartz  shield.  The 
source  flange  is 
completed  with 
changeable  insert 
that  allow  to  use  the 
quartz  tubes  30±2 
mm  in  diameter.  The  four-electrodes  initial  beam  forming 
system  is  applied  to  correlate  the  beam  angular 
characteristics  with  the  accelerating  structure.  The  newly 
developed  thermo-resistant  glue  is  used  for  stainless  steel 
electrodes  to  ceramic  insulators  vacuum  sealing  connections. 
The  beam  current  up  to  100  |iA  for  such  ion  species  like  i , 
N"^! ,  He^,  Ar^  is  provided  at  gas  flow  rate  not  more  than  10 
cm^/hour  at  atmospheric  pressure. 

IV.  PENNING  ION  SOURCE 

The  Cold  Cathode  Penning  IS  with  axial  extraction  to  be 
used  in  Van  de  Graaf  accelerators  have  been  developed  too 
[4].  It  is  intended  first  of  all  to  produce  inactive  gaseous  ion 
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beams.  As  to  hydrogen  ions,  the  i  component  content 

in  extracted  beam  is 
less  than  15% 
when  discharge 
current  is  in  the 
milliamps  range.  The 
general  view  of  the 
source  attached  to 
initial  beam  forming 
system  is  shown  in 
Fig.  2.  The  discharge 
system  consists  of  two 
magnetic  steel  flanges 
with  cathode  and 
anticathode  mounted 
in,  stainless  steel 
anode  and  ceramic 
rings  connected 
together  through  A1 
vacuum  seals.  The 
magnetic  field  of 
about  0.12  T  is 
produced  by 

permanent  magnets. 
To  decrease  discharge 
voltage  and  thus  to  increase  source  life  time  we  employ  LaB6 
as  a  cathode  and  anticathode  material.  The  source  provides 
the  beam  current  of  70  |xA  for  inactive  gaseous  ions  at  the  10 
mA  discharge  current.  The  gas  flow  rate  is  not  more  than  12 
cm^/hour  at  atmospheric  pressure  when  the  04  mm  x  28  mm 
channel  in  extracting  electrode  is  applied. 

V.  CESIUM  SPUTTER  ION  SOURCE 

A  broad  spectrum  of  negative  ions  can  be  obtained  from 

the  cesium  sputter  ion 
source  shown  in  Fig. 
4.  It  is  intended  for 
using  in  tandem 
accelerators  [5].  The 
negative  ions  are 
produced  as  the  result 
of  secondary  ion-ion 
emission  when  the 
cone  target  is 
bombarded  by  1  -  3 
keV  Cs^  ions.  The  Mo 
or  Re  tube  ionizer  with 
outlet  focusing  cone  is 
used  for  Cs"*"  ions 
production.  The 

cesium  vapor  is  led  to 
ionizer  from  the 
furnace,  filled  with 
Cs2Cr4  pills.  The  tube 
ionizer  efficiency  is  about  70%  for  0.5  -  2.0  mA  Cs^  current. 


The  extracted  beam  current  is  in  the  range  of  0,1  -  50  |LiA  for 
various  negative  ions.  The  version  with  several  cone 
sputtering  targets  placed  on  the  disk  and  changed  under 
vacuum  without  ion  source  disconnection  have  been  designed 
too. 

VI.  FREEMAN  ION  SOURCE 

The  variant  of  Freeman  type  positive  heavy  ion  source 

has  been  designed  for 
use  in  ion 

implanters  and  ion 
separators  (Fig.  5). 
The  directly  heated 
tungsten  cathode  is 
displaced  relative  to 
discharge  chamber 
axis  to  extracting 
sleet  for  increasing 
plasma  density  in 
extraction  region. 
The  magnetic  field  is 
about  0.015  T  in 
value  along  the 
discharge  chamber  is 
produced  by 

permanent  magnets. 
The  ion  source  is 
supplied  by  internal 
and  external  furnaces 
to  provide  the  evaporation  of  solid  and  liquid  feed  materials. 
Ions  are  extracted  through  50  x  2  mm  sleet  in  anode.  One  of 
the  source  feature  is  the  design  of  the  three  electrodes 
accel/decel  system  employing  of  special  thermoresistant  glue 
to  provide  metal-ceramic  vacuum  sealing. 

VII.  ECR  ION  SOURCE 

Research  into 
microwave  source 
has  been  performed 
at  the  Efremov 
Institute  for  several 
years  [6].  One  of 
the  ECR-source 
version,  designed 
for  application  to 
intense  neutron 
generators  and 
oxygen  ion 

implanters,  is 
shown  in  Fig.  6. 

We  employ  a 
600  W,  2.45  GHz 
magnetron  as  a 
microwave  power 


Fig.  3  Penning  Ion  Source 
1  -  anode,  2  -  top  flange  with  LaB6 
cathode,  3  -  bottom  flange  with 
LaBg  anti  cathode,  4  -  permanent 
magnets,  5  -  extracting  electrode,  6 
-  focusing  electrode. 


Fig.  4  Negative  Sputter  Ion  Source 
1  -  Cesium  container  with 
heater,  2  -  ionizer,  3  -  ionizer 
heater,  4  -  sputter  cone  insert,  5  - 
extracting  electrode. 


1  -  cathode,  2  -  anode,  3  - 
permanent  magnet,  4  -  furnace, 
5  -  top  flange,  6-8  -  accel/decel 
electrodes. 


Fig.  6  ECR  Ion  Source 
1  -  rectangular  waveguide,  2  - 
triple-layer  window,  3  -  magnet 
coils,  4  -  discharge  chamber,  5  - 
diaphragm,  6-accel/decel  electrodes. 
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Table  1.  Ion  Sources  performances 


No 

Ion  Source 
(IS) 

Ion  Species 

Beam 

Current, 

ma 

Power 

Consump., 

kW 

Lifetime, 

hr. 

Notes 

1 

Radio  Frequency  IS 

f=80  MHz. 

0.03 

2 

Penning  IS 

,  D^ 

0.015 

700 

Cathode  material  -  LaB6 

/cold  cathode/ 

He'^,  Ar"^ 

3 

Duoplasmatron 

H^,D^ 

0.7-  1.2 

300 

0.7  - 1.2 

150 

0.7 

200 

hollow  tubular  discharge,  *-cw/pulse 

Displaced  emission  hole 

4 

Negative  Sputter  IS 

O' 

0.008 

0.25 

80 

Negative  ions  of  most  elements  in 

Al  2 

0.003 

0.25 

120 

the  Periodic  table  are  obtainable 

Cu' 

0.03 

0.25 

120 

5 

Magnetron  IS 

B"",  P^  As"",  Sb^ 

Gas,  liquid  and  solid  feed  material 

/Freeman  type/ 

tF 

5 

are  possible  to  use 

6 

ECR  IS 

,  D^, 

10-100 

500 

f=2.45  GHz,  one  or  multiple 

N^,0^ 

in 

300 

aperture  extracting  system  is  used 

tF 

1-5 

2.5 

50 

generator.  The  microwave  circuitry  includes  a  three-stub 
tuner  and  a  block  of  directional  couplers.  A  circulator  with 
dummy  load  can  be  added  optionally.  The  T^j  oscillation 
mode  is  employed  to  provide  more  uniform  radial 
distribution  of  the  plasma  density.  The  microwave  power  is 
input  into  the  discharge  chamber  through  a  quartz  window.  A 
disk  of  silicon  nitride  (Si3N4)  is  added  to  protect  the  window 
from  accelerated  electrons.  Finely,  an  intermediate  alumina 
(AI2O3)  disk  is  placed  to  reduce  the  reflection  of  microwave 
power.  A  longitudinal  magnetic  field  is  induced  by  two 
structurally  united  solenoid  coils.  The  optimal  magnitude  of 
the  magnetic  field  and  its  axial  distribution  are  provided  by 
way  of  separate  current  control  in  the  coils  and  their 
movement  along  the  source  axis.  A  movable  diaphragm, 
dictating  the  active  length  of  the  discharge  chamber  is  placed 
in  front  of  the  emission  electrode.  An  ion  beam  is  extracted 
through  one,  four  or  seven  holes  3-6  mm  in  diameter, 
depending  on  a  particular  application.  Such  a  version  is 
realized  in  the  high  voltage  accelerator  for  powerful  neutron 
generator  and  provides  production  of  accelerated  ion  beams 
(1H,+  and  Di+)  with  current  at  the  Ti-T  target  up  to  60  mA. 
The  atomic  ions'  content  in  the  extracted  beam  is  about  70% 
[7]. 

The  ion  sources  performances  are  tabulated  in  Table  1. 
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Abstract 


II.  Experimental  Apparatus 


A  fast  beam  chopping  directly  in  a  surface-plasma  H“  ion  source 
was  proposed  and  a  preliminary  test  has  been  examined.  The 
converter  bias  voltage  is  modulated  and  the  extracted  H"  beam 
is  observed.  The  direct  fast  chopped  H“  beam  extracted  from 
the  ion  source  responds  to  the  modulated  converter  bias  voltage 
as  expected.  The  extracted  beam  using  this  method  has  been  ac¬ 
celerated  by  the  40  MeV  linac. 


L  Introduction 

Recently,  the  increase  of  the  beam  intensity  is  more  de¬ 
sired  at  12  GeV  proton  synchrotron  in  KEK(KEK-PS)[1].  One 
of  the  difficulties  to  increase  the  beam  intensity  is  the  beam  loss 
at  the  beam  injection  from  the  linac  to  the  booster  synchrotron. 
In  order  to  eliminate  the  beam  loss  at  the  beam  injection,  the  fast 
chopped  beam  synchronized  with  the  rf  frequency  of  the  booster 
synchrotron  is  required. 

Although  the  fast  beam  choppers  such  as  electrostatic  de¬ 
flection  devices  have  been  developed  and  successfully  achieved, 
the  serious  problems  have  arisen  in  actual  operation.  Because 
of  the  destruction  of  the  space  charge  neutralization,  the  beam 
loss  and  the  emittance  growth  become  severe.  In  the  case  of  the 
negative  ion  beam,  the  neutralizing  particles  are  the  positive  ions 
and  those  mobility  is  too  small  to  take  more  than  several  hundred 
nsec  to  sweep  out  the  beam  line.  The  frequency  of  the  fast  chop¬ 
per  is  several  MHz  adjusted  to  the  injection  rf  frequency  of  the 
booster  synchrotron.  Hence,  the  tune  of  the  transport  line  would 
be  affected  by  the  chopped  pulse  length  of  the  beam. 

It  would  be  ideal  that  the  fast  beam  chopping  can  be  achieved 
the  H“  formation  in  the  ion  source.  Some  new  methods  are  at¬ 
tempted  to  make  the  fast  chopped  beam  in  the  ion  source.  For  ex¬ 
ample,  there  are  two  methods  to  make  the  fast  chopped  beam  by 
applying  the  pulsed  high  voltage  at  the  collar  electrode  in  the  PIG 
type  H“  ion  source[2]  and  at  the  plasma  electrode  in  the  volume- 
production-type  H“  ion  source[3]. 

In  this  paper,  a  new  method  of  the  fast  beam  chopping  for 
the  surface-plasma  H"  ion  source  at  KEK  and  the  preliminary 
results  from  the  direct  fast  H“  beam  copping  are  presented. 


At  KEK-PS,  a  surface-plasma  H“  ion  source  has  been  used 
for  the  formation  of  H”  ion  beam.  In  this  ion  source,  an  electrode 
called  converter  is  put  into  the  ion  source  chamber  to  produce  the 
H“  ions.  The  converter  is  shielded  from  the  plasma  by  the  ion 
sheath.  By  applying  the  negative  bias  voltage  to  the  converter  in 
the  ion  source,  the  H"  ions  are  produced  by  the  interaction  be¬ 
tween  the  positive  ions  in  the  plasma  and  the  converter  surface. 
However  the  ion  sheath  is  broken  by  applying  the  rf  voltage  be¬ 
yond  the  ion-plasma  frequency.  The  ion-plasma  frequency,  cJj, 
is  given  by, 


LOi  = 


IZ^e^T 


Com 


(1) 


where  Ui  is  the  ion  density  in  the  plasma.  In  this  ion  source, 
the  ion  density  seems  to  be  about  1  x  10^^  (cm”^).  The  ion- 
plasma  frequency  is  estimated  about  200  MHz.  The  frequency 
of  modulated  voltage  for  the  direct  fast  beam  chopping  is  about 
2  MHz  which  is  a  negligible  value  from  the  ion-plasma  fre¬ 
quency.  Therefore,  in  principle  it  is  possible  to  produce  the  direct 
fast  beam  chopping  in  the  surface-plasma  H"  ion  source. 

Schematic  drawing  of  a  surface-plasma  H“  ion  source  used 
in  this  experiment  is  shown  in  figure  1.  There  are  permanent 
magnets  surrounding  to  a  plasma  chamber  to  confine  the  plasma 
by  the  cusp  magnetic  field.  The  hydrogen  plasma  is  produced 
by  the  electron  emission  from  a  couple  of  LaBe  filaments.  To 
produce  much  more  H”  ions,  the  work  function  of  the  con¬ 
verter  must  be  lowered.  By  introducing  the  Cs  vapor  into  the 
ion  source,  the  thin  layer  (half-monolayer)  of  Cs  atoms  is  formed 
on  the  converter  surface  and  then  the  work  function  of  the  con¬ 
verter  can  be  lowered.  The  fast  chopped  H"  beam  is  produced  by 
changing  the  H"  formation  efficiency  following  the  frequently 
changed  bias  voltage  of  the  converter. 

A  circuit  diagram  of  the  rf  modulated  power  supply  for  the 
converter  is  shown  in  figure  2.  In  this  circuit,  the  modulation  fre¬ 
quency  can  be  changed  from  100  kHz  to  10  MHz.  The  rf  power 
amplifier  can  be  operated  up  to  300  W  maximum  output. 

The  rf  pulse  is  supplied  through  a  coupling  circuit  to  over¬ 
lap  the  dc  bias  voltage  of  the  converter.  The  flatness  of  the  rf 
pulse  height  depends  on  a  coupling  capacitance  in  the  coupling 
circuit.  The  dc  component  of  the  rf  pulse  is  decreased  transiently, 
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arc  pulser  filament  P.S. 


Figure.  1 ,  The  schematic  drawing  of  the  surface-plasma  H  ion 
source. 


Figure.  2.  The  circuit  diagram  of  the  rf  frequency  modulated 
power  supply  for  the  converter. 

because  the  value  of  a  coupling  capacitance  for  the  rf  modula¬ 
tion  of  the  converter  bias  voltage  is  in  sufficient,  and  then  a  new 
coupling  circuit  whose  coupling  capacitance  is  larger  than  the 
present  one  is  under  prepared.  The  large  amplitude  of  the  rf  mod¬ 
ulating  voltage  is  required  to  overcome  the  negative  potential  of 
the  floating  electrode  in  the  rf  plasma,[4]  To  solve  this  problem, 
a  new  pulsed  power  supply  which  can  operate  with  high  voltage 
(500  Vp_p)  and  fast  rise  time  (10  nsec)  for  the  direct  fast  H" 
beam  chopping  is  under  construction, 

III.  Extraction  of  rf  Modulated  H””  Beam 

The  H”  ion  source  is  operated  in  pulse  mode  (200  //sec  x 
20  Hz)  and  the  fast  chopped  H”  beam  produced  from  the  ion 
source  is  accelerated  up  to  30  keV  at  the  test  stand.  The  chopped 
H”  beam  current  is  measured  by  the  Faraday  cup  after  passing 
the  magnetic  mass  separator.  It  is  found  that  the  fast  chopped 
H“  beam  current  is  in  good  response  to  the  modulated  converter 
voltage  for  the  wide  range  (from  100  kHz  to  10  MHz). 


(b) 


Figure.  3.  An  example  of  the  waveform  of  the  fast  chopped 
H”  beam  measured  by  the  Faraday  cup  at  40  MeV  beam 
line.  (a):vertical  axis:2  mA/div.,  horizontal  axis:  10  //sec/div. 
(b); vertical  axis:2  mA/div.,  horizontal  axis;l  //sec/div.  About 
94%  of  the  maximum  H“  beam  current  is  suppressed  by  the  con¬ 
verter  bias  modulation. 

IV.  40  MeV  Beam  Acceleration  of  Direct  Fast 
Chopped  H“  Beam 

The  fast  chopped  H“  beam  current  is  measured  by  a  bunch 
monitor  at  the  40  MeV  beam  transport  line  between  the  linac  and 
the  booster  synchrotron.  An  example  of  the  waveform  of  the  fast 
chopped  H”  beam  measured  by  the  Faraday  cup  at  40  MeV  beam 
line  is  shown  in  figure  3.  In  this  figure,  about  94%  of  the  maxi¬ 
mum  H”  beam  current  is  suppressed  by  the  converter  bias  mod¬ 
ulation. 

An  example  of  the  waveform  of  the  fast  chopped  H”  beam 
synchronizing  the  rf  frequency  of  the  booster  synchrotron  is 
shown  in  figure  4.  The  rectangle  fast  pulse  (2.2  MHz,  220  nsec 
width,  300  Vp_p)  is  applied  to  produce  the  chopped  H“  beam. 
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Figure.  4.  An  example  waveform  of  the  fast  chopped  H“  beam 
synchronized  with  the  rf  frequency  of  the  booster  synchrotron. 
This  beam  is  measured  by  a  bunch  monitor  at  the  40  MeV  beam 
transport  line  between  the  linac  and  the  booster  synchrotron. 


of  the  converter  bias  voltage,  and  the  40  MeV  beam  acceleration 
of  the  direct  fast  chopped  H"  beam  for  a  surface-plasma  H“  ion 
source  has  been  examined  successfully. 

In  near  future,  the  comparision  of  the  capture  efficiency  at 
the  booster  injection  with  the  bunch  to  bucket  method  using  the 
direct  fast  chopped  H“  beam  and  the  adiabatic  capture  method 
using  the  continuous  beam  will  be  investigated. 
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Figure.  5.  The  capture  efficiency  of  the  booster  synchrotron  as 
a  function  of  the  delay  time  of  the  direct  fast  beam  chopping 


However  the  waveform  of  the  H”  beam  has  not  the  ideal  shape 
of  the  waveform  which  is  applied  to  the  converter.  There  might 
be  a  reason  why  the  nonlinearity  of  the  H"  formation  efficiency 
as  a  function  of  the  converter  bias  voltage. 

The  capture  efficiency  of  the  booster  synchrotron  as  a  func¬ 
tion  of  the  delayed  time  of  the  direct  fast  chopped  H“  beam  is 
shown  in  figure  5.  From  this  figure,  the  correlation  between  the 
capturing  efficiency  and  the  delayed  time  firom  the  rf  clock  is  ob¬ 
served  obviousely.  To  eliminate  the  beam  loss  at  the  injection, 
the  fine  adjustment  of  the  delayed  timing  to  the  rf  bucket  in  the 
booster  synchrotron  is  very  important. 

V.  Summary  and  future  plan 

The  production  of  the  direct  fast  chopped  H“  beam  in  a 
surface-plasma  ion  source  is  realized  by  the  high  frequency 
voltage  modulation  of  the  converter  voltage.  The  extracted 
chopped  H”  beam  is  in  good  response  to  that  of  the  modulation 
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Abstract 

The  lUCF  high  intensity  polarized  ion  source 
(HIPIOS)  is  now  being  routinely  used  to  deliver  beam  to 
experiments.  Recent  efforts  have  been  focussed  on 
measuring  beam  properties  in  order  to  improve  beam 
transmission  through  the  cyclotrons  and  maximize  P^I,  the 
product  of  the  polarization  and  current  delivered  to  the  user. 
The  results  of  measurements  using  a  pepperpot  beam 
emittance  apparatus  is  presented  relative  to  several  source 
parameters. 

1.  INTRODUCTION 

The  lUCF  high  intensity  polarized  ion  source 
(HIPIOS)  has  been  used  to  deliver  beam  to  users  for  over  a 
year.  Neutron  time  of  flight  and  polarimetry  measurements 
with  the  recently  completed  Indiana  Neutron  Polarimeter 
(INPOL)  facility  require  polarized  proton  beam  intensities 
of  up  to  500  nA  at  200  MeV,  with  a  microscopic  time 
structure  of  -400  ps  and  a  period  of  -340  ns.  Both  INPOL 
and  internal  polarized  target  experiments  in  the  Cooler  ring 
requiring  high  circulating  beam  intensities  have  recently 
benefitted  from  the  use  of  HIPIOS.  Development  of  HIPIOS 
and  the  600  keV  beam  transport  line  have  been  described 
elsewhere[l,2],  but  to  summarize  the  latest  operating 
parameters,  HlPIOJ^is  currently  able  to  deliver  170|lA  DC 
of  mass  analyzed  pz  >  .76,  with  an  emittance  of  0.5  71- 
mm-mrad  normalized,  for  80%  of  the  beam  to  the  entrance 
of  the  600  kV  electrostatic  accelerator  column.  While 
recent  operating  experience  has  been  promising,  HIPIOS 
beam  characteristics  continue  to  be  studied  in  order  to 
improve  transmission  through  the  cyclotrons  and  the  P^I 
delivered  to  the  user. 

11.  TRANSMISSION  AND  POLARIZATION 

Emittance  matching  to  the  600  keV  accelerator 
column  is  critical  because  of  the  tight  focus  and  high 
divergence  required  at  the  first  accelerating  segment.  If 
these  conditions  are  not  met,  the  column  will  introduce 
aberrations  that  will  lead  to  emittance  growth. 
Measurements  in  the  600  keV  beam  line  (described 
elsewhere  in  these  proceedings[3])  indicate  that  the 
normalized  beam  emittance  decreases  with  terminal 
potential.  At  400  keV,  the  emittance  for  75%  of  the  beam 
is  less  than  1/2  that  at  600  keV.  Transmission  through  the 


length  of  the  beam  line  is  improved  at  these  lower  energies. 

The  source  has  delivered  pz  >  .75  in  both  states 
with  close  to  the  highest  ion  beam  intensity,  but  it  appears 
that  the  beam,  polarization  may  vary  through  its  cross- 
section.  It  was  concluded  that  a  knowledge  of  how  the 
beam  emittance  varied  as  a  function  of  source  parameters 
would  help  in  understanding  this  phenomena. 

III.  IONIZER  OPERATION 

The  ECR  ionizer  for  this  polarized  source  is  unique 
in  several  ways.  The  beam  is  extracted  from  the  source  at 
an  energy  of  15  keV  by  biasing  the  plasma  using  the  first 
electrode  of  the  extraction  system.  This  poses  the  primary 
problem  of  beam  extracted  toward  the  grounded  atomic 
beam  section  of  the  source.  We  have  experienced  damage 
to  the  surfaces  of  and  melting  of  insulators  in  the  transition 
units  immediately  upstream  of  the  ionizer.  Beam 
extraction  in  this  direction  would  also  cause  sparking, 
general  instability  of  the  plasma  and  a  large  energy  spread. 
The  solution  has  been  to  carefully  isolate  the  plasma  from 
ground  potential  by  using  quartz  glass  liners  and  a  glass 
ECR  buffer  gas  feed  tube. 

The  ECR  operates  at  4.0  GHz,  with  a  resulting 
higher  average  ionizer  field  strength  than  is  used  with  the 
standard  2.45  GHz  generator.  The  axial  magnetic  field 
strength  in  the  valley  of  HIPIOS  is  greater  than  1.30  kG  at 
4.0  Ghz. 

The  buffer  gas  used  in  the  ECR,  for  operation  with 
atomic  hydrogen  beam,  is  D2  gas.  To  avoid  hydrogen  gas 
loading  of  the  cryo-pumps,  they  are  regenerated  during 
dissociator  maintenance  periods.  Operation  and  beam 
intensity  using  N2  gas  is  degraded  due  to  a  higher 
sputtering  rate  of  the  gridded  extraction  system  and  a 
decrease  in  plasma  stability.  A  beam  intensity  increase  of 
about  30%  was  observed  when  using  D2  buffer  gas.  This 
effect  was  predicted  by  A.Belov[4]  as  a  result  of  his 
experience  with  the  deuterium  plasma  charge  exchange 
ionizer. 

The  accel-accel  extraction  system  is  a  gridded 
design  with  a  high  transparency  for  atomic  hydrogen  that 
passes  through  the  ECR  without  being  ionized.  There  are 
two  well  aligned  grids  with  a  transmission  of  95%  followed 
by  a  tube  lens.  The  beam  emittance  has  been  measured  as 
a  function  of  the  voltage  difference  between  the  two 
gridded  elements  for  several  ECR  parameters. 
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IV.  EMITTANCE  MEASURING  APPARATUS 

Emittance  measurements  in  the  beam  transport 
line  between  the  ion  source  and  accelerator  column  are 
made  using  a  pepperpot  apparatus.  A  0.05  mm  foil  with  a 
matrix  of  0.5  mm  holes  on  a  3  mm  center  is  placed  137  mm 
upstream  of  a  wire  scanner.  The  beamlets  that  pass  through 
the  foil  are  easily  seen  on  a  wire  scanner  trace  (Figure  1). 


X  Position  (mm) 


Figure  1:  The  horizontal  part  of  a  wire  scanner  oscillogram 
for  an  approximately  parallel  beam  with  few  aberrations. 
The  beam  has  passed  through  a  foil  with  a  3  mm  matrix  of 
0.5  mm  holes. 

Scans  were  stored  on  a  HP  digital  scope  and 
downloaded  to  a  PC.  Each  peak  was  ascribed  to  one  row  or 
column  of  holes  in  the  foil.  An  RMS  analysis  of  the  data 
points  was  made  to  give  a  rough  estimate  of  a  phase  space 
ellipse  that  would  best  contain  the  beam.  The  Courant- 
Snyder  parameters  a,  (3  and  y  were  calculated  and  used  to 
evaluate  the  fraction  of  beam  that  fell  within  the  boundary 
of  a  phase  space  ellipse  of  fixed  size  according  to  the 
following  boundary  condition; 


Figure  2:  Brightness  versus  emittance  for  several  values  of 
the  voltage  difference  between  the  two  extraction  grids. 


y{x - Xof  +  2a{x  - XoXx' -  x^)  +  Pix' -x'^f  < 

where  x  and  x’  are  position  and  divergence,  xq  and  xq’ 
are  the  ellipse  centroid  and  ex  is  the  unnormalized 
emittance. 


Figure  3:  Emittance  contour  of  a  ITOpA  beam.  An  ellipse 
of  0.5  and  0.25  TC-mm-mrad  contain  80%  and  55%  of  the 
total  beam.  The  ellipses  are  superimposed  on  the  real  data. 

Brightness  was  calculated  for  various  values  of  the 
elliptical  phase  space  area  (Figure  2)  using  the  total  beam 
current  on  a  stop  downstream  from  the  apparatus.  All 
values  of  the  phase  space  and  the  brightness  are 
normalized  to  py. 

In  Figure  3,  emittance  contours  of  a  170  |iA  beam 
with  good  transmission  are  compared  against  a  0.5  7C-mm- 
mrad  and  a  0,25  Ti-mm-mrad  phase  space  ellipse  calculated 
as  described  above. 

IV.  EMITTANCE  MEASUREMENTS 

The  emittance  as  a  function  of  several  source 
parameters  has  been  measured  using  the  pepperpot 
emittance  apparatus.  The  voltage  between  the  two 
extraction  grids,  AVExt»  was  varied  for  different  extraction 
energies,  buffer  gas  pressures,  and  ECR  RF  power  levels. 
The  data  for  4  different  ECR  pressures,  adjusted  by 
regulating  the  amount  of  D2  buffer  gas,  and  for  4  different 
values  of  the  ECR  power  levels  are  plotted  against  AVexi 
in  Figures  4  and  5  respectively.  The  optimum  operating 
condition  for  the  buffer  gas  variable  is  clearly  indicated  in 
the  sharp  peak  in  brightness  at  AVexi  =  1.7  kV  at  a  pressure 
of  5.3  X  lO'^T.  Higher  and  lower  pressures  require  a  larger 
voltage  difference  to  extract  highest  brightness  beam.  A 
similar  but  less  obvious  effect  is  seen  for  the  ECR  power 
level.  During  operation,  it  is  clearly  important  to  maintain 
the  pressure  at  the  optimum  value.  The  normalized 
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brightness  for  80%  of  an  optimized  170  |iA  beam  is  0.54  ( 
TC-mm-mrad)^. 

Tuning  of  the  beam  is  very  sensitive  to  this  voltage 
difference.  Best  transmission  through  the  accelerator 
column  occurs  in  a  very  narrow  range  of  AVgxt  • 
explanation  of  the  variation  in  the  peak  brightness  with 
respect  to  the  AV^xt  could  be  that  the  shape  of  the  ECR 
plasma  surface  near  the  grids  is  affected  by  the  electric 
field  strength.  Variation  in  the  pressure  of  the  buffer  gas 
and  the  ECR  power  level  also  affect  the  plasma  density 
which  would  subsequently  change  the  shape  of  the  plasma 
surface  near  the  grids  due  to  space  charge  effects. 
Aberrations  in  the  shape  of  the  electric  field  between  the 
grids  cannot  totally  account  for  this  behaviour. 


Figure  4:  Plot  of  the  beam  brightness  in  a  0.25  7C-mm-mrad 
ellipse  as  a  function  of  AVexi  for  different  pressures.  The 
peak  in  the  brightness  varies  with  pressure. 

Beam  brightness  is  also  related  to  the  atomic 
beam  density.  Transmission  of  proton  beam  ionized  from  a 
deuterium  hydrogen  gas  mixture  leaked  into  the  ECR  is 
significantly  less  than  beam  produced  from  the  atomic 
beam  with  a  deuterium  buffer  gas,  Emittance  of  the  leaked 
gas  beam  will  be  measured  and  compared  against  the  total 
emittance  of  the  polarized  beam  to  determine  what 
contribution  an  unpolarized  background  gas  will  have  on 
the  final  beam  polarization.  This  is  currently  under  study. 

V.  CONCLUSIONS 

Beam  emittance  from  a  two  gridded  extraction 
system  in  the  lUCF  high  intensity  polarized  ion  source  has 
been  measured  for  several  different  parameters.  The 
optimum  voltage  difference  between  the  two  extraction 
grids  for  best  beam  transmission  and  brightness  varies  with 
the  ECR  pressure  and  power.  This  could  be  explained  by 
the  change  in  the  plasma  density  in  the  ECR. 

The  optimum  tune  results  in  a  beam  current  of  170 
|XA  at  the  entrance  to  the  600  keV  accelerator  column.  The 
emittance  of  80%  of  this  beam  is  0.50  7i-mm-mrad  has  a 
brightness  of  0.54  (TC-mm-mrad)^.  This  beam  was  measured 
to  have  a  polarization  of  Pz=0.75  in  both  states. 


Figure  5:  Plot  of  the  beam  brightness  in  a  0.25  TC-mm-mrad 
ellipse  as  a  function  of  AVexI  different  ECR  RF  power 
levels.  As  in  Figure  4,  the  peak  varies  with  power. 
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Abstract 

At  Brookhaven,  an  Electron  Beam  Ion  Source  (EBIS)  is  now 
operational.  This  source  is  being  used  as  a  test  bed  to  answer 
questions  relevant  to  the  eventual  design  of  an  EBIS-based  heavy 
ion  injector  for  RHIC.  Such  a  source  can  easily  produce  ions 
such  as  Au'^^^ ,  but  the  challenge  lies  in  reaching  intensities  of  in¬ 
terest  for  RHIC  (3x10^  particles/pulse).  The  source  studies  are 
planned  to  address  issues  such  as  scaling  of  the  electron  beam  to 
10  A,  possible  onset  (and  control)  of  instabilities,  ion  injection, 
and  parametric  studies  of  output  emittance. 

L  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at  Brookhaven 
National  Laboratory  is  scheduled  to  be  commissioned  in  1999. 
The  Tandem  Van  de  Graaff  accelerator  presently  supplies  ions 
for  the  fixed  target  heavy  ion  program  at  the  Alternating  Gradi¬ 
ent  Synchrotron  (AGS),  and  will  initially  serve  as  the  preinjec¬ 
tor  for  RHIC  as  well.  We  are  now  considering  an  alternative  ap¬ 
proach,  where  high  charge  state  heavy  ions  would  be  produced 
in  a  source,  accelerated  in  an  RFQ  followed  by  a  short  linac,  and 
then  injected  into  the  AGS  Booster.  In  principle  such  a  prein¬ 
jector  should  be  simpler  than  a  Tandem,  more  flexible  in  that  it 
will  offer  a  full  spectrum  of  ion  species,  and  allow  for  future  in¬ 
creases  in  RHIC  luminosity.  Unfortunately,  a  high  charge  state 
heavy  ion  source  that  would  satisfy  the  RHIC  requirements  still 
does  not  exist,  but  may  be  developed  by  scaling  up  of  a  device 
now  available.  The  rest  of  the  preinjector,  an  RFQ  and  linac,  is 
a  technology  already  adopted  by  industry. 

From  the  point  of  view  of  the  RFQ  and  linac,  it  is  preferable 
to  get  from  the  source  ions  in  charge  states  as  high  as  possible, 
to  make  the  preinjector  more  compact  and  efficient.  We  have 
considered  several  possible  approaches  to  develop  such  an  ion 
source,  and  have  concluded  that  scaling-up  of  an  Electron  Beam 
Ion  Source  (EBIS)  should  be  the  most  straightforward.  EBISs 
deliver  highly  charged  ions  of  virtually  any  species  which  are  in¬ 
jected  into  the  ion  trap  either  as  neutral  gas  or  as  low-charged 
ions.  An  EBIS  operates  best  as  a  pulsed  device,  and  can  be  well 
matched  to  a  synchrotron  with  respect  to  pulse  length.  (Since  the 
total  charge  per  pulse  is  essentially  independent  of  the  extracted 
pulse  width,  short  pulses  can  be  extracted  for  efficient  single- 
turn  injection  into  a  synchrotron).  The  evolution  of  charge  states 
depends  on  the  electron  beam  energy  E  and  the  product  of  the 
electron  beam  density  and  the  ion  confinement  time,  so  that  the 
charge  state  is  easily  optimized  by  variation  of  these  parameters. 
While  existing  EBIS  yields  are  lower  than  that  required  for  RHIC 
by  at  least  an  order  of  magnitude,  this  can  at  least  in  part  be  at¬ 
tributed  to  the  fact  that  before  the  advent  of  large  colliders  there 
was  little  need  for  high  intensities  of  high  charge  state  heavy 
ions. 

’‘work  performed  under  the  auspices  of  the  U.  S.  Dept,  of  Energy. 
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Figure  1,  Stages  for  the  EBIS-based  injector  for  RHIC 


Electron  beam  current 

lOA 

Electron  beam  voltage 

20  kV 

Length 

1.5  m 

Trap  capacity 

1.1  X  10^^  charges 

Yield,  positive  charges 

5.25  X  10“ 

Yield,  Au^^+,  design  value 

3  X  10^  ions/pulse 

Yield,  Pb^^+,  design  value 

2x10^  ions/pulse 

Table  I 

Parameters  for  an  EBIS  meeting  RHIC  requirments. 


II.  EBIS  INJECTOR  TO  MEET  RHIC 
REQUIREMENTS 

The  proposed  acceleration  stages  for  the  EBIS-based  injector 
are  shown  in  Fig.  1.  Starting  with  an  estimate  of  3x10^  Au^^+ 
ions  per  pulse  of  source  output  necessary  to  yield  1x10^  ions  per 
bunch  in  the  57  RHIC  bunches,  Prelec  et.  al.[  1]  have  worked  out 
the  main  operating  parameters  of  the  source,  based  on  the  expe¬ 
rience  of  existing  EBISs.  These  parameters  are  summarized  in 
Table  I.  The  10  A  electron  beam  current  is  much  higher  than  ex¬ 
isting  EBISs  produce  (0.5  A).  However,  the  requirement  on  the 
ion  charge  state  is  modest,  thus  allowing  a  relaxation  of  other  pa¬ 
rameters  which  have  made  EBISs  technically  difficult. 

Although  it  would  be  convenient  for  us  to  design  both  sys¬ 
tems  for  the  201.25  MHz  frequency  of  the  present  200  MeV 
Linac  for  H“  ions  at  BNL,  we  have  made  our  preliminary  de¬ 
signs  of  the  RFQ  and  linac  using  80  and  160  MHz,  respectively 
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[2].  The  focusing  strength  of  an  RFQ  is  related  to  its  phase  ad- 
vance/focusing  period,  the  optimum  value  of  which  is  approxi¬ 
mately  60  degrees.  For  the  range  of  q/m  we  are  dealing  with,  the 
frequency  at  which  optimum  phase  advance  occurs  is  approxi¬ 
mately  80  MHz.  On  the  other  hand,  a  high  frequency  is  neces¬ 
sary  for  the  linac  if  the  cavities  are  to  have  reasonable  dimensions 
comparable  to,  say,  the  cavities  in  the  ATLAS  Positive-Ion  Injec¬ 
tor  Linac  at  Argonne  [3],  since  the  starting  /?  is  0.0254  (see  Fig. 
1),  compared  with  0.009  in  the  ATLAS. 

We  were  very  mindful  of  the  successful  experience  of  the  AT¬ 
LAS  project  at  Argonne  National  Laboratory  [4]  with  construct¬ 
ing  and  operating  an  independently  phased  superconducting  res¬ 
onant  cavity  linac.  For  now,  we  have  chosen  this  approach  for 
further  study.  The  key  features  of  this  type  of  linac  are:  one  gets 
maximum  use  of  the  available  voltage  from  all  the  cavities  for  es¬ 
sentially  any  mass  ion,  and  every  cavity  can  be  operated  at  its  full 
potential.  These  provide  the  highest  energy  beam  for  injection 
into  the  synchrotron  which  is  always  important  for  overcoming 
losses  due  to  stripping  and  space  charge. 

IIL  BNL  EBIS  R&D  PROGRAM 

Many  of  the  issues  which  need  to  be  addressed  prior  to  the  de¬ 
sign  of  an  EBIS  for  the  new  AGS  Booster  injector  require  an  op¬ 
erating  Test  EBIS.  Fortunately,  we  have  obtained  on  a  long  term 
loan  the  Sandia  National  Laboratory  “SuperEB IS”  [5],  and  put  it 
into  operation  in  our  ion  source  laboratory.  So  far,  we  have  op¬ 
erated  this  source  with  electron  beam  currents  up  to  1 10  mA  and 
have  extracted  helium-like  argon  ions  (Ar^^“*“).  Over  the  next 
two  years  our  plans  for  this  Test  EBIS  are  the  following: 

a)  Increase  the  electron  beam  current  in  steps  up  to  1  A,  ex¬ 
ceeding  the  current  of  any  operating  device  of  this  type.  With  a 
1  mm  dia.  LaBe  cathode  in  the  electron  gun,  we  have  obtained  an 
electron  beam  current  of  110  mA.  A  2  mm  dia.  cathode,  which 
we  are  now  testing,  should  allow  operation  at  currents  up  to  500 
mA.  We  may  then  test  a  3  mm  dia.,  which  should  raise  the  cur¬ 
rent  to  the  1  A  level.  If  our  experiments  on  an  electron  gun  test 
stand  show  that  other  cathode  types  are  promising,  they  too  may 
be  tried  on  the  Test  EB  IS . 

b)  External  ion  injection  will  be  studied  in  order  to  provide 
the  variety  of  ions  (especially  metallic)  required  for  RHIC.  There 
are  several  candidates  for  the  primary  ion  source  and  they  will 
be  tested  first  on  a  separate  stand  to  determine  the  yield  and 
charge  state  distribution.  We  presently  have  a  pulsed  MEVVA 
[6]  source  of  metallic  ions  (up  to  uranium)  and  several  steady 
state  sources  using  zeolite  cathodes  (Na,  Cs,  H)  but  other  types 
may  be  investigated  as  well. 

c)  Possible  sources  of  instabilities  will  be  investigated  to  see 
whether  they  might  develop  in  an  EBIS  as  the  electron  beam  cur¬ 
rent  is  increased  above  the  levels  presently  achieved  in  similar 
devices. 

d)  Simultaneously  with  an  increase  of  the  electron  beam  cur¬ 
rent,  we  shall  do  parametric  studies  of  the  yield  and  charge  state 
distributions  to  verify  EBIS  scaling  laws. 

e)  Fast  extraction  of  ions  will  be  studied  because  the  single 
turn  injection  of  ions  into  the  Booster  would  greatly  simplify 
the  process  and  lead  to  a  high  capture  efficiency.  In  order  to 
achieve  this,  ions  must  be  extracted  in  a  pulse  of  less  than  10  mi¬ 
crosecond  duration.  There  are  several  methods  for  a  fast  extrac¬ 


tion  (ramping  the  axial  electric  field  in  the  trap,  pulsing  schemes 
for  trap  electrodes)  and  we  have  to  develop  and  select  the  one 
which  gives  the  best  combination  of  extraction  efficiency  and 
beam  emittance. 

f)  Cooling  of  ions  in  the  trap  will  be  studied  and  applied  to 
improve  the  performance  of  the  test  EBIS. 

g)  Measurements  of  the  output  beam  emittance  will  be  per¬ 
formed  in  order  to  characterize  beam  parameters  and  design  the 
matching  section  to  the  next  element,  the  RFQ.  Parametric  stud¬ 
ies  will  be  made  of  the  emittance  of  the  extracted  beam  vs. 
ion  extraction  method,  magnetic  field  strength,  ion  confinement 
time,  ion  charge  state,  ion  beam  intensity,  etc. 

IV.  PROGRAM  STATUS 

Initial  operation  of  the  source  has  been  made  using  contin¬ 
uous  (d.c.)  electron  beams  of  5-110  mA  and  current  densities 
of  100-400  A/cm^.  The  1  mm  diameter  LaBg  cathode  is  im¬ 
mersed  on  axis  in  the  solenoidal  field  of  an  unshielded  supercon¬ 
ducting  solenoid  to  a  level  of  400-800  Gauss.  The  beam  is  then 
compressed  by  the  increasing  axial  field  which  is  currently  oper¬ 
ated  at  about  1.2  Telsla.  Modifications  are  underway  to  increase 
the  electron  gun  apertures  to  accomodate  a  2  mm  LaBe  cathode 
which  should  allow  the  propagation  of  electron  beams  on  the  or¬ 
der  of  500  mA. 

Axial  ’’drift  tube”  electrodes  are  used  to  control  the  ion  pro¬ 
duction  processes.  The  potentials  to  these  electrodes  are  sup¬ 
plied  by  custom  built  HV  power  supplies  with  a  dynamic  range 
of  1  kV  and  risetimes  on  the  order  of  10  micro  sec.  A  d.c.  bias 
can  be  imposed  which  allows  the  application  of  potentials  of  up 
to  5  kV  to  the  trap  region  with  respect  to  laboratory  ground. 

In  EBIS  sources  the  working  species  is  typically  introduced 
by  radial  injection  of  neutral  gas  into  a  special  drift  tube,  or  by 
injection  of  low  charge  state  ions  from  an  external  source  along 
the  EBIS  axis.  At  BNL  we  have  been  working  on  both  methods. 
The  gas  injection  method  allows  immediate  verification  of  the 
EBIS  performance.  Ion  injection  is  somewhat  more  difficult  to 
implement  but  is  expected  to  provide  better  performance  for  our 
long  term  goal  of  producing  milliampere  currents  of  moderate 
charged  metallic  ions. 

Neutral  gas  injection  is  the  most  commonly  used  method  for 
introducing  the  species  to  be  ionized  in  an  EBIS.  Low  charged 
ions  formed  in  the  gas  injection  region  are  allowed  to  reach  the 
main  trap  region  during  a  specified  injection  period  according  to 
the  value  of  potential  applied  to  an  intervening  electrode.  Trans¬ 
fer  of  ions  using  this  method  is  called  ’’electronic  injection”  fol¬ 
lowing  the  early  description  of  this  process  by  Donets  [7],  In  Fig¬ 
ure  2,  a  time  of  flight  spectrum  for  neutral  gas  injection  of  argon 
is  given.  Present  are  contaminant  peaks  of  H“^,  and  He+ 
due  to  a  helium  leaks  and  residual  hydrogen  background.  Argon 
charge  states  from  Ar^^+  through  Ar^^+  are  observed  after  a  in¬ 
jection  period  of  50  ms  and  confinement  period  of  300  ms.  The 
total  charge  extracted  in  this  case  was  925  pC  during  an  extrac¬ 
tion  pulse  of  duration  75  y/s  FWHM,  corresponding  to  a  beam 
neutralization  of  77%. 

Tests  are  currently  being  made  using  a  sodium  impregnated 
zeolite  ion  source  for  external  ion  injection.  Typically,  extrac¬ 
tion  from  the  auxiliary  source  is  made  at  5  kV  and  the  beam 
is  retarded  to  1-3  kV,  i.e,  the  potential  of  the  EBIS  trap  region 
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electrodes.  Na+  beams  of  about  5  microamps  are  obtained  at  a 
Faraday  cup  just  outside  the  EBIS  electron  collector.  We  have 
observed  injected  ions  propagating  through  the  EBIS  to  a  point 
just  in  front  of  the  electron  gun  cathode  but  we  have  not  yet  ob¬ 
served  an  extracted  high  charge  state  sodium  ion  spectrum.  Nev¬ 
ertheless,  ion  injection  into  EBIS  has  been  well  demonstrated  at 
Saclay  [8]  and  Stockholm  [9].  Improvements  to  the  control  sys¬ 
tem  which  will  allow  greater  control  of  the  ion  optics,  beam  en¬ 
ergies,  and  timing  are  expected  to  facilitate  the  ion  injection  pro¬ 
cedure. 

The  development  of  a  control  system  has  been  an  important 
part  of  our  program.  A  simple  EBIS  controller  has  been  con¬ 
structed  around  commercially  available  PC  timing  boards  which 
can  be  used  to  specify  events  at  the  microsecond  level.  A  time¬ 
line  is  generated  which  multiplexes  preset  analog  reference  po¬ 
tentials  to  control  the  EBIS  trap  electrode  high  voltage.  In  addi¬ 
tion,  pulses  are  generated  to  control  the  external  ion  source,  ion 
optics,  and  diagnostics  such  as  the  time-of-flight  spectrometer. 
The  duration  of  a  complete  EBIS  cycle  is  on  the  order  of  100  ms 
with  several  distinct  subperiods  such  as  injection,  confinement, 
and  extraction.  Eventually,  the  control  system  will  facilitate  set¬ 
ting  emd  monitoring  all  potentials  and  intervals  through  a  graphic 
oriented  PC  interface. 

An  ion  source  test  stand  has  been  constructed  for  developing 
the  auxiliary  ion  sources  and  EBIS  diagnostics.  The  impreg¬ 
nated  zeolite  and  micro  MEVVA  ion  sources  have  been  con¬ 
figured  to  be  interchangeable  modular  units.  They  have  been 
adapted  to  include  a  deceleration  stage  which  provides  high  ex¬ 
traction  energies  for  increased  beam  current,  while  accomodat¬ 
ing  the  rather  low  injection  energies  necessary  for  ion  trapping  in 
the  EBIS.  Compact,  harp-type  beam  profile  monitors  have  been 
constructed  at  BNL  and  tested  at  the  Stockholm  EBIS.  They  are 
95%  transparent  and  are  especially  useful  for  adjusting  the  fo¬ 
cus  and  positions  of  the  injected  and  extracted  ion  beams  when 
external  ion  injection  is  used  to  load  the  EBIS.  A  compact  emit- 
tance  head  suitable  for  measuring  the  EBIS  extracted  beam  has 
been  constructed  and  is  currently  under  test  using  a  Na"*"  beam 
from  the  zeolite  source  in  the  auxiliary  test  stand. 
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We  have  continued  the  development  of  a 
toroidal-filter  volume  H"  ion  source  with  the  goal  of 
providing  a  better  ion  source  for  the  proton  storage 
ring  at  the  Los  Alamos  Neutron  Scattering  Center 
(LANSCE).  A  prototype  source  has  produced  H" 
beam  currents  of  6.3  mA  from  a  3-mm-diameter 
emission  aperture  (89  mA/cm2)  and  18  mA  from  a 
10-mm-diameter  emission  aperture  (23  mAJcrrfi). 
These  results  were  achieved  when  cesium  was 
added  to  the  discharge.  The  cesium  increased  the 
H  current  by  a  factor  of  2-3  while  the  extracted 
electron  current  was  strongly  suppressed.  The 
magnetic  filter  can  be  configured  so  that  the  elec¬ 
tron  to  H'  ratio  is  2:1  and  is  weakly  dependent  on 
operating  parameters,  with  only  a  moderate  loss  of 
H"  current.  Tests  indicate  there  is  essentially  no 
explicit  dependence  of  extracted  beam  current  on 
duty  factor  up  to  10%  duty-factor.  Emittance  data 
were  taken  for  various  operating  conditions  in  a 
mass-analyzed  beam  line  and  a  comparison  is  made 
to  the  surface  conversion  H'  ion  source  now  in 
operation  for  the  storage  ring. 

I.  INTRODUCTION 

High-intensity  proton  compression  rings,  such 
as  that  now  in  operation  at  the  Los  Alamos  Meson 
Physics  Facility  (LAMPF),  are  being  considered  as 
drivers  for  the  next  generation  pulsed  spallation 
neutron  sources.  Substantial  increases  in  beam 
intensity  can  now  be  considered  if  the  necessary 
high-brightness  ion  source  can  be  developed.  The 
requirements  for  the  LAMPF  ring  entail  operation 
with  moderate  peak  beam  currents  but  high  duty 
factor  in  order  to  obtain  the  desired  average  cur¬ 
rents.  Although  there  are  several  candidate  ion 
sources  that  meet  many  of  the  requirements  needed 
in  the  application,  none  has  yet  demonstrated  the 
simultaneous  combination  of  intensity,  emittance, 
duty  factor,  reliability,  and  availability,  that  are 
required  in  this  application. 

After  a  preliminary  evaluation  of  available  ion 
sources  was  made,  work  was  initiated  to  evaluate 
the  BNL  toroidal-filter  volume  source  and  the  LBL 
dipole-filter  volume  source.  A  high  duty  factor 
version  of  the  BNL  source  was  then  built  and  tested 


on  the  LAMPF  injector  [1],  The  present  work 
reports  on  the  further  testing  of  this  source. 

II.  EXPERIMENTAL  SETUP 

The  toroidal -filter  ion  source  was  mounted  on 
an  ion  source  test  stand  which  operates  up  to  80  kV 
with  12  %  duty  factor  and  provides  all  necessary 
beam  diagnostics  on  a  mass-analyzed  beam  line. 
The  ion  source  is  described  and  diagrammed  in  ref¬ 
erence  [1].  Ion  beams  were  accelerated  with  a  four 
electrode  accelerating  column  which  permits  inde¬ 
pendent  variation  of  the  extraction  voltage  on  the 
first  gap  and  the  total  beam  energy.  Thus,  the 
extracted  beams  can  be  perveanced  matched  at  a 
given  energy  over  a  range  of  operating  conditions 
of  the  ion  source.  The  electron  current  was  inferred 
by  subtracting  the  measured  mass-analyzed  H" 
beam  current  from  the  drain  current  of  the  high 
voltage  power  supply.  No  significant  contamina¬ 
tion  of  higher  mass  ions  (mostly  O’)  was  observed 
in  the  mass-analyzed  beams.  Emittance 


Acceleration  Bending  Cup 

Column  magnet 


Figure  1:  Layout  of  LAMPF’s  high-duty- 
factor  ion  source  test  stand. 

measurements  were  carried  out  with  a  conventional 
slit  and  collector  scanner.  Beam  currents  were 
measured  both  with  beam  current  toroids  (CM)  and 
with  a  suppressed  Faraday  cup.  In  the  mass 
analyzed  line,  the  two  methods  of  measuring  the  H" 
current  agreed  with  each  other  within  a  few  percent. 
The  operating  vacuum  in  the  test  stand  depended  on 
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the  gas  flow  from  the  ion  source  but  was  typically 
in  the  10-6  to  low  10-5  range.  For  the  higher  gas 
pressures,  some  stripping  loss  (-10%)  was 
observed,  and  somewhat  higher  mass-analyzed  cur¬ 
rents  could  have  been  obtained  if  more  pumping 
were  used  in  the  beam  line.  Our  reported  H"  cur¬ 
rents  have  not  been  corrected  for  stripping  losses. 

Most  of  the  results  were  obtained  for  30  Hz,  500 
|a,s  beams  to  limit  power  loading  on  the  emittance 
scanners,  but  some  data  were  taken  up  to  12%  duty 
factor.  A  single  solenoid  lens  was  used  to  provide 
the  focusing  of  the  beams  and  a  45^  bending  mag¬ 
net  was  employed  for  the  mass  analysis.  A  diagram 
of  the  test  stand  is  shown  in  Fig.  1 . 

The  previous  tests  on  the  toroidal  filter  source 
prototype,  were  performed  in  the  LAMPF  injector 
using  the  low-gradient  accelerating  column  em¬ 
ployed  with  LAMPF’ s  surface-conversion  produc¬ 
tion  ion  source.  For  our  tests,  it  was  anticipated  that 
higher  current  densities  would  be  produced,  and 
hence  a  higher  gradient  accelerating  column  was 
designed  and  built.  The  plasma  electrode  was  fitted 
with  an  insert  so  that  the  extraction  gap  could  be 
varied.  The  gap  was  set  at  1.7  cm  so  the  space - 
charge  limited  current  at  16  kV  was  30.0  mA  which 
was  more  than  adequate  for  the  present  operation 
where  a  maximum  of  18  mA  was  obtained. 

III.  EXPERIMENTAL  RESULTS 

The  dependence  of  the  beam  current  density  on 
the  discharge  (arc)  current  for  the  two  emission 
apertures  studied  is  shown  in  Fig.  2.  The  hydrogen 
flow  was  adjusted  to  give  the  optimum  extracted 
beam  current.  We  see  that  the  dependence  is  linear 
with  arc  current  up  to  the  maximum  value  (160  A) 
that  was  run.  The  arc  voltage  was  run  above  150 
volts  where  there  is  only  a  weak  dependence  of 
beam  current  on  arc  voltage.  .  We  note  that  for  this 
source,  there  is  an  explicit  dependence  of  extracted 
current  density  j  on  aperture  radius  R  consistent 
with  a  jR  =  constant  scaling  law.  Thus,  extracted 
beam  current  will  scale  linearly  with  aperture 
radius.  Similar  behavior  has  been  observed  in  other 
volume  ion  sources.  This  conclusion  is  also  consis¬ 
tent  with  the  previously  reported  j  value  of  40 
mA/cm^  with  a  7-mm-diameter  aperture  [1].  The 
dependence  of  the  electron/H"  ratio  is  shown  in  Fig. 
3.  This  ratio  varies  from  6:1  to  1:1  depending  on 
the  emission  aperture  size  and  the  filter  field 
strength. 
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Figure  2:  The  current  density  (mA/cm^)  as 
a  function  of  arc  current  for  a  10-mm 
emission  aperture  and  a  strong  filter  field, 
and  for  a  3-mm  aperture  (•  weak  filter  field, 
♦  intermediate  filter  field). 


Figure  3:  The  ratio  of  electron  current  to 
H"  current  as  a  function  of  arc  current  for  a 
10-mm  emission  aperture  and  a  strong  filter 
field,  and  for  a  3-nun  aperture  (•  weak  fil¬ 
ter  field,  ♦  intermediate  filter  field).. 
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The  original  BNL  design  for  the  toroidal  filter 
employed  a  magnet  configuration  in  which  a  coni¬ 
cal,  transverse  magnetic  field  was  set  up  between 
the  filter  magnet  and  the  inner-most  ring  of  cusp- 
field  magnets  in  the  front  of  the  source.  If  the  filter 
magnet  polarity  is  reversed,  a  cusped-field  filter, 
similar  to  that  on  the  present  LAMPF  surface  con¬ 
version  source  is  formed.  It  was  found  that  the  best 
operation  (highest  current  density  and  least  elec- 
tron/H’  ratio)  for  the  high  duty  factor  source  we 
built,  occurred  for  the  cusp-field  filter.  All  results 
presented  here  are  for  this  case.  It  was  possible  to 
vary  the  strength  of  the  filter  field  by  using  combi¬ 
nations  of  magnets  of  various  strengths  and  sizes. 
As  the  filter  field  increased,  both  the  H"  current  and 
the  extracted  electrons  decreased  as  well  as  the 
electron/H'  ratio.  For  a  moderate  filter  strength  of 
170  p  Weber  (the  product  of  the  peak  magnetic  field 
and  the  area  of  the  filter  magnet),  an  electron/H  ‘ 
ratio  of  2:1  can  be  obtained  with  only  a  moderate 
decrease  in  the  maximum  current  of  H'  ions. 


-ln(l-F) 

Figure  4:  Normalized  emittance  (Ticm 
mrad)  as  a  function  of  -ln(l-F)  for  arc  cur¬ 
rents  from  40  A  to  140  A.  These  data  corre¬ 
spond  to  the  3-mm-aperture  weak-filter  data 
of  figures  2  and  3. 

Emittance  measurements  were  taken  with  both 
emission  apertures  and  for  wide  range  of  ion  source 
parameters.  For  the  3-mm-diameter  aperture,  the 


observed  normalized  emittance  at  a  given  beam 
fraction  F  is  plotted  against  -ln(l-F)  for  various  arc 
currents.  Figure  4  shows  such  a  plot  for  a  weak 
filter  field.  An  rms  emittance  can  be  obtained  from 
the  slope  of  these  plots  at  low  beam  fraction  and 
was  typically  0.007  ttcm-mrad  with  only  a  weak 
dependence  on  arc  current,  except  for  the  highest 
arc  currents.  For  the  10-mm-diameter  emission 
aperture,  the  larger  beam  sizes  resulted  in  emittance 
growth  in  the  third  order  aberrations  in  the  solenoid 
lens.  The  rms  emittances,  however,  scaled  as  the 
aperture  size  and  0.02  Tucm-mrad  was  typical. 
Large  bore  solenoid  lenses  will  be  needed  for  the 
10  nun-diameter  case  to  limit  this  emittance  growth. 

IV.  CONCLUSIONS 

The  toroidal  filter  volume  H'  ion  source  com¬ 
pares  favorably  with  LAMPF’ s  surface  conversion 
source.  Higher  beam  currents  can  be  achieved  with 
comparable  emittances.  The  cesiated  operation  is 
much  simpler  and  more  reliable;  a  much  smaller 
amount  of  cesium  is  needed;  a  precise  constant  flow 
of  cesium  is  not  required;  the  source  can  run  for 
days  after  being  cesiated  once;  the  source  recovers 
quickly  from  interruptions  to  the  arc  current.  These 
qualities  and  the  absence  of  the  converter’s  water- 
to-vacuum  seals,  should  make  the  volume  source 
more  reliable.  The  source  lifetime  also  appears  to 
be  good.  The  prototype  source  has  accumulated 
approximately  400  hours  service  in  intermittent  op¬ 
eration  using  the  original  1.5-mm-diameter  tungsten 
filament  cathodes. 

Future  development  will  focus  on  refinement  of 
the  extraction  and  transport  optics  to  reduce  the 
aberrations  that  are  apparent  in  Fig.  4.  We  will  also 
continue  our  investigation  of  the  RF-heated  dipole 
filter  volume  source  developed  at  Lawrence 
Berkeley  Laboratory. 
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We  describe  a  technique  we  have  developed  to 
significantly  increase  the  proton  fraction  extracted  from 
high  pressure  (mTorr)  electron  cyclotron  resonance  (ECR) 
sources  of  the  type  developed  by  Chalk  River  Laboratories 
(CRL)[1].  Specifically,  this  proton  enhancement  is 
achieved  by  the  addition  of  environmentally  benign 
additives  (H2O  being  the  most  effective)  to  the  plasma,  in 
molecular  concentrations  of  the  order  of  1%.  Typically, 
operating  under  non-resonant  source  conditions,  this 
technique  will  enhance  the  proton  fraction  from  about  75% 
to  greater  than  95%  for  a  power  input  of  700W  at  2.45 
GHz.  Similar  results  are  achieved  for  deuteron  beams.  We 
believe  this  technique  is  capable  of  simileir  results  in  arc- 
discharge  (bucket)  sources.  Penning  sources  and  any  other 
gas  discharge  sources,  under  suitable  conditions. 

I.  INTRODUCTION 

High  current  cw  proton  sources  of  high  reliability 
are  a  current  requirement  for  several  proposed  accelerator 
applications,  including  spallation  neutron  sources  and 
accelerator  production  of  tritium.  A  desirable  property  of 
such  sources  is  that  the  proton  fraction  of  the  extracted 
beam  be  as  high  as  possible  so  as  to  avoid  the  need  for 
selection  of  the  desired  ion,  i.e.,  to  enable  direct  injection 
into  an  accelerating  structure.  A  number  of  sources  have 
been  described  in  the  literature  that  yield  proton  fractions 
of  the  order  of  80%  of  the  extracted  beam,  the  other 
unwanted  beam  components  being  H2'*’  and  H3'*'.  These 
advanced  sources  include  the  arc-driven  multi- cusp 
generator  developed  for  the  Basic  Technology  Accelerator 
(BTA)  at  JAERI  [2]  and  the  high  pressure  ECR  source 
developed  at  CRL.  Although  the  CRL  source  has 
generated  a  beam  with  a  proton  fraction  under  resonant 
conditions  of  90%,  most  experiments  reported  by  the  CRL 
group  [3]  have  been  performed  when  operating  off- 
resonance  where  proton  fractions  of  75  -  80%  were 
obtained.  Normal  operation  for  this  source  is  off  resonance 
because  of  problems  in  maintaining  long  term  plasma 
stability  when  operating  on  resonance,  an  observation  also 
noted  by  ourselves  using  an  identical  source  purchased 
from  CRL,  Similarly,  the  CRL  ECR  source  supplied  to 
Los  Alamos  National  Laboratory  (LANL)[4]  generally 
produces  beams  with  a  proton  fraction  of  about  80%, 
While  beams  with  a  proton  fraction  of  80%  have  been 
shown  by  the  CRL  group  to  be  suitable  for  direct  injection 


into  a  room-temperature  radio  frequency  quadruple  (RFQ) 
[5],  they  would  certainly  not  be  suitable  for  injection  into  a 
superconducting  structure  because  of  the  possible 
unacceptable  thermal  loading  caused  by  the  deleterious 
H2‘‘'  and  H3‘*"  ion  species.  Unless  beam  purity  of  the  order 
of  99%  or  so  can  be  achieved,  direct  injection  into  a 
superconducting  structure  does  not  appear  likely,  thus 
requiring  magnetic  separation  before  injection.  Magnetic 
separation  inevitably  leads  to  emittance  growth  and  loss  of 
beam  brightness,  a  situation  that  is  also  undesirable  for 
high  current  cw  superconducting  accelerators.  An 
additional  benefit  of  very  high  purity  proton  beams  has 
been  pointed  out  by  Sherman,  [5]  i.e.,  the  higher  the  proton 
fraction,  the  less  is  the  effective  mass  of  the  beam.  Hence, 
for  a  given  beam  current  density,  the  electric  field  can  be 
reduced,  thus  reducing  voltage  breakdown  and  yielding  a 
more  reliable  injector. 

IL  BACKGROUND 

It  has  long  been  known  that  the  addition  of  minor 
constituents  to  microwave  generated  plasmas  can  greatly 
modify  the  species  composition  of  the  plasma,  and, 
specifically,  increase  atomic  neutral  fractions  with  respect 
to  molecular  species  [6],  This  technique  has  sometimes 
been  used  by  those  in  atomic  and  molecular  physics  to 
produce  high  purity  atomic  hydrogen  beams  [6],  Because 
the  molecular  fraction  of  the  additive  required  is  generally 
so  small  (<1%),  it  seems  unlikely  that  its  catalytic  action  is 
a  gas  phase  property  and  more  likely  that  it  results  from 
some  surface  action,  though  for  a  long  time  controversy 
existed  on  this  point.  Systematic  studies  [6]  of  atomic 
hydrogen  fractions  from  microwave  driven  plasmas, 
however,  strongly  indicate  that  any  catalytic  action  of  the 
additive  results  from  (largely  unknown)  surface  phenomena 
by  preventing  atomic  recombination  on  the  surface.  This  is 
analogous  to  the  prevention  of  recombination  by  fused- 
alumina  ion  source  liners.  Neutral  atomic  hydrogen  sources 
with  close  to  100%  purity  have  been  made  using  this 
technique,  leading  us  to  recognize  that  this  may  be  a  viable 
technique  for  the  production  of  high  purity  ion  beams. 


*  Work  supported  by  the  United  States  Department  of 
Energy  via  ANL  Science  and  Technology,  Laboratory 
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III.  EXPERIMENTAL  SETUP 


ECR  source  accel. 


A  schematic  of  our  experimental  setup  and  beam 
diagnostic  is  shown  in  Fig.  1.  The  major  components  of 
our  apparatus  include  an  ECR  source  purchased  from  CRL 
which  is  powered  by  a  2.45  GHz  microwave  generator 
rated  at  2.0  kW.  The  microwave  generator  is  coupled  to 
the  source  via  a  circulator  and  a  four-stub  autotuner.  The 
ion  source  is  attached  to  a  large,  flexibly  designed,  high- 
vacuum,  oil -free  diagnostic  chamber  that  is  pumped  by 
three  cyropumps  and  a  turbo  pump  giving  a  base  pressure 
of  1.0x10'^  Ton*  without  baking.  When  operating  the  ion 
source  at  a  hydrogen-feed  flow  rate  of  1  seem,  the  base 
pressure  in  the  diagnostic  chamber  rises  to  about  6x10“^ 
Torr  as  measured  on  an  (uncorrected)  ion  gauge.  The 
catalytic  additive  (generally  H2O)  is  introduced  to  the 
plasma  downstream  of  the  hydrogen  flow  control  unit  via  a 
leak  valve  as  shown  in  figure  1 .  The  molecular  fraction 
H2O/H2  is  estimated  from  the  ion  gauge  measurements 
taking  into  account  the  very  different  gauge  constants  for 
these  two  gases.  This  fraction  is  generally  of  the  order  of 
1%  or  less  and  the  ion  gauge  measurements  are  consistent 
with  the  fraction  of  O"^  we  see  in  the  extracted  beam  as 
described  below. 


In  the  present  experiment,  5  to  15  mA  of  beam 
current  is  extracted  from  the  source  at  a  few  hundred  volts 
by  an  accel-decel  arrangement,  with  the  main  beam  being 
collected  and  monitored  on  the  decel  electrode.  A  small 
hole  in  the  decel  electrode  allows  a  portion  of  the  beam  to 
be  imaged  at  the  entrance  plane  of  a  quadrupole  mass 
spectrometer  (QMS)  by  means  of  a  three  element  zoom 
lens  whose  design  is  based  on  focal  properties  tabulated  by 
Halting  and  Read  [7].  The  zoom  lens  gradually  decelerates 
the  beam  which  emerges  from  the  decel  electrode  to  the  10- 
20  eV  required  by  the  QMS  for  quantitative  analysis.  The 
beam  trajectories  for  the  zoom  lens  were  calculated  using 
SIMION  [8].  With  the  typical  operating  voltages  shown  in 
Fig.  1,  50%  of  the  sampled  beam  lies  in  a  circle  of  only 
0.25  mm  dia.  at  the  entrance  plane  of  the  QMS,  and  the 


resulting  rays  within  this  circle  easily  meet  the  parallelicity 
requirements  for  quantitative  mass  spectrometry [9]. 

IV.  RESULTS 

All  of  the  measurements  reported  here  are 
conducted  with  the  ECR  source  operating  slightly  off 
resonance,  as  chosen  by  the  magnitude  of  the  magnetic 
confining  field.  Similar  results  were  obtained  with  the 
source  magnetic  field  operating  either  10%  above  or  below 
the  resonant  field.  Though  operation  off-resonance  usually 
produces  a  smaller  fraction  of  protons,  such  is  not  the  case 
in  the  present  experiment  with  H2O  as  an  additive. 

Figure  2  shows  the  mass  analysis  of  a  beam 
extracted  from  the  source  with  1  seem  H2  flow  and  700  W 
microwave  power  to  the  source.  Under  these  conditions, 
the  proton  fraction  of  the  total  beam  (consisting  of  H"*"  + 
H2+  +  H3  +  )  is  about  0.75,  consistent  with  the 
measurements  of  Taylor  [1]  under  similar  non-resonant 
conditions. 

Figure  2. 


m/z 

Figure  3  shows  a  beam  composition  obtained 
under  the  same  conditions  as  figure  2,  but  with  ~  1%  H2O 
added  to  the  source.  In  this  case  the  proton  fraction  is 
slightly  higher  than  0.95.  Notable  in  figure  3  is  the  absence 
of  H3‘^.  This  is  expected  since  H3'*"  is  produced  via  the 
reaction  H2'*'  +  H2  ->  H3’^  +  H  and  is  thus  quadratic  with 
respect  to  the  H2  partial  pressure  in  the  source.  Reduction 
of  the  H2'^  peak  by  a  factor  of  about  5  by  the  addition  of 
1%  H2O  thus  reduces  the  H3"'"  intensity  by  a  factor  of  25. 
The  increase  in  concentration  of  hydrogen  atoms  in  the 
source  by  the  addition  of  H2O  is  dramatically  visual  to  the 
eye,  the  plasma  changing  color  from  pale  bluish-pink  to  a 
dramatic  deep  violet  characteristic  of  Balmer  (Hoc  and  Hp) 
radiation.  The  addition  of  H2O  to  the  source  appears  to 
have  the  added  benefit  of  significantly  stabilizing  the 
plasma  and  producing  a  less  noisy  beam. 
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Figure  3. 
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Figure  4  shows  the  proton  fraction  obtained  as  a 
function  of  microwave  power  to  the  source  for  1  seem  H2 
flow  rate,  both  with  (solid  circles)  and  without  (solid 
squares)  H2O  additive  and  operating  under  non-resonant 
conditions.  Alternate  data  points  in  figure  4  were  taken 
under  conditions  of  increasing  and  decreasing  power  so  as 
to  illustrate  the  absence  of  any  long  term  drift.  Figure  4 
also  shows  the  reproducibility  of  Taylor’s  earlier  results  [1] 
(open  squares)  under  similar  non-resonant  conditions. 


Figure  4. 


Under  the  conditions  of  figure  4,  measurements  of 
other  impurities  introduced  into  the  beam  by  admitting 
H2O  to  the  source  show  these  to  be  O'*"  (0.4%)  and  OH"*" 
and  H20'^  (  each  at  the  level  of  a  few  parts  per  thousand). 
Finally,  we  have  obtained  a  similar  improvement  in 
deuteron  (D"^)  enhancement  by  use  of  either  H2O  or  D2O, 
each  being  equally  effective  but  producing  extraneous 
peaks  (H*^,  HD"*"  and  1102*^)  in  the  case  of  H2O  +  D2  ,  as 
expected. 

V.  SUMMARY  AND  FUTURE 

We  have  demonstrated  significant  enhancement  in 
the  proton  and  deuteron  fractions  of  beams  extracted  from 
high  pressure  ECR  sources  by  the  addition  of  about  1%  of 


H2O  or  D2O  to  the  source  under  non-resonant  conditions. 
An  additional  benefit  seems  to  be  a  more  stable  operation 
of  the  source.  We  believe  this  technique  may  be  applied  to 
any  type  of  gas  discharge  proton  source,  provided  that  the 
source  may  be  made  to  operate  thermally  cool.  Further,  we 
believe  that  with  minor  modifications  the  source  may 
realistically  yield  proton  fractions  of  98  to  99%,  the 
remaining  part  consisting  primarily  of  0"^,  OH"*",  and 
H20'’"  resulting  from  the  H2O. 

Finally,  a  preliminary  analysis  of  collaborative 
experiments  by  ANL  and  LANL[10]  performed  on  the 
GRITS  injector  located  at  LANL,  indicate  higher  proton 
fractions  and  lower  proton  beam  emittances  at  40-45keV 
beam  energies  using  this  technique. 
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An  innovative  technique  for  increasing  ion  source 
intensity  is  described  which,  in  principle,  could  lead  to 
significant  advances  in  ECR  ion  source  technology  for 
multiply  charged  ion  beam  formation.  The  advanced 
concept  design  uses  a  minimum-B  magnetic  mirror 
geometry  which  consists  of  a  multi-cusp,  magnetic  field,  to 
assist  in  confining  the  plasma  radially,  a  flat  central  field 
for  tuning  to  the  ECR  resonant  condition,  and  specially 
tailored  mirror  fields  in  the  end  zones  to  confine  the  plasma 
in  the  axial  direction.  The  magnetic  field  is  designed  to 
achieve  an  axially  symmetric  plasma  "volume”  with 
constant  mod-B,  which  extends  over  the  length  of  the 
central  field  region.  This  design,  which  strongly  contrasts 
with  the  ECR  "surfaces”  characteristic  of  conventional 
ECR  ion  sources,  results  in  dramatic  increases  in  the 
absorption  of  RF  power,  thereby  increasing  the  electron 
temperature  and  "hot”  electron  population  within  the 
ionization  volume  of  the  source. 

1.  INTRODUCTION 

Ion  sources  based  on  the  Electron  Cyclotron  Resonance 
(ECR)  principle  have  played  indispensable  roles  in  the 
advancement  of  our  knowledge  of  atomic  and  nuclear 
physics  and  in  many  areas  of  applied  science  and 
technology.  For  accelerator-based  research  applications, 
the  final  energy  of  an  ion  beam  is  directly  proportional  to 
the  charge  on  the  ion  during  acceleration  and,  therefore,  a 
premium  is  placed  on  ion  sources  which  are  capable  of 
generating  very  high  charge  state  ion  beams.  Heavy-ion 
cyclotrons,  linear  accelerators,  synchrotrons,  and  new 
generation  heavy  ion  colliders  now  under  construction,  such 
as  the  relativistic  heavy-ion  collider  (RHIC)  at  the 
Brookhaven  National  Laboratory  and  the  large  hadron 
collider  (LHC)  which  has  been  proposed  for  construction  at 
CERN,  would  benefit  immensely  from  the  advent  of 
advanced  ECR  ion  sources  with  charge  states  and 
intensities  superior  to  sources  presently  available.  The 
source  that  we  describe  offers  this  distinct  possibility  with 
many  applications  in  atomic  physics  and  applied  research, 
as  well. 


II.  PRINCIPLES  OF  ECR  ION  SOURCES 

The  energy  source  for  plasma  generation  and 
maintenance  in  the  ECR  ion  source  is  electron  cyclotron 
resonance  (ECR)  heating  of  the  plasma  electrons.  The 
energy  (electron  temperature)  and  energy  distribution 
(temperature  distribution)  are  two  of  the  fundamental 
properties  which  govern  the  performance  of  the  ion  source 
in  terms  of  degree  of  ionization 
and  multiple  ionization  capabilities  of  the  source.  In  ECR 
ion  sources,  electrons  can  only  be  excited  whenever  the 
magnetic  field  meets  the  ECR  resonant  condition: 

COECR  =  Be/m  =  (Orf  (1) 

where  (OECR  is  the  electron-cyclotron  resonant  frequency, 
(Off  is  the  resonant  frequency  of  the  microwave  power 
source,  B  is  the  magnetic  field  which  meets  the  resonance 
requirement,  and  e  is  the  electron  charge  and  m  the  mass 
of  the  electron.  The  physical  region  over  which  the  ECR 
condition  is  met  is  referred  to  as  the  ECR  zone.  Electrons 
passing  through  the  ECR  zone,  which  are  coincidentally  in 
phase  with  the  RF  electric  field,  are  accelerated  by  the 
transfer  of  electromagnetic  energy  to  the  electron 
perpendicular  to  the  direction  of  the  magnetic  field; 
electrons  arriving  out  of  phase  with  the  electric  field 
undergo  deceleration.  On  subsequent  passes  through  the 
ECR  zone,  the  electrons  gain  a  net  energy  and  are  said  to 
be  stochaistically  heated.  At  low  collision  frequencies 
(low  ambient  pressures),  some  of  the  electrons  can  be 
excited  to  energies  sufficiently  high  to  remove  tightly 
bound  electrons  and  thereby  produce  multiply  ionized 
atoms. 

III.  CONVENTIONAL  ECR  ION  SOURCE 

DESIGNS 

The  "volume”  ECR  ion  source  is  contrasted  with  that  of 
the  more  conventional  "surface”  ECR  ion  sources  in  Fig.  1. 
Improvements  in  ECR  performance  can,  in  principle,  be 
realized  by  redesigning  the  magnetic  field  configuration  so 
that  the  ECR  zone  is  a  "volume"  rather  than  a  "surface,"  as 
is  the  case  in  conventional  ECR  ion  sources.  In  traditional 
ECR  sources,  the  electrons  gain  energy  in  the  fairly  thin 
ECR  zones  in  or  near  the  mirror  field  regions.  The  ECR 
zones  in  conventional  sources  are  usually  annular, 
ellipsoidal  surfaces 


^Managed  by  Martin  Marietta  Energy  Systems,  Inc.,  under  contract  No.  DE-AC05-840R21400  with  the  U.S.  Department  of 
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CONVENTIONAL  ECRIS  with 
CHAFACTERISTIC  ECR"  SURFACE' 


ECRIS  with  UNIFORMLY 
DISTRIBUTED  ECR  “VOLUME" 


volume 


Fig.  1  Schematic  drawings  of  a  conventional  ECRIS  with  characteristic  ECR  ’’surface”  and  an 
ECRIS  with  a  large,  uniformly  distributed  ECR  "volume.” 


and,  in  general,  lie  off  of  the  axis  where  ions  are  extracted; 
the  microwave  power  can  only  be  coupled  to  the  plasma  in 
these  zones,  which  occupy  a  small  percentage  of  the 
ionization  chamber  volume,  leaving  the  remainder  of  the 
plasma  chamber  as  "unheated"  zones.  In  addition,  the  thin 
ECR  zone  in  the  mirror  field  is  a  relatively  small  fraction 
of  the  device  volume,  hence  the  absorptivity  of  the  plasma 
is  governed  not  by  the  size  of  the  plasma,  but  by  the  size  of 
the  ECR  region.  The  new  ECR  ion  source,  described  below 

and  in  a  previous  publication,^  overcomes  this  limitation. 
For  detailed  descriptions  of  sources  which  reflect  the 
present  state  of  conventional  ECR  ion  source  technology, 
reference  is  made  to  the  proceedings  of  recent  workshops 
on  this  source  type  (see,  e.g.,  Refs.  2-4). 

IV.  DESIGN  FEATURES  OF  THE  NEW  ECR 
ION  SOURCE 

We  have  used  magnet  design  codes,  plasma  dispersion 
solvers,  and  particle-in-cell  (PIC)  simulation  codes  to 
simulate  the  relative  adsorption  characteristics  in  a 
conventional  ECR  source  and  in  the  new  ECR  ion  source 
concept  described  in  this  report.  The  codes  were  also  used 
to  design  the  magnetic  field  geometry  and  to  track  particle 
motion  in  the  magnetic  field.  The  advanced  concept 
design  uses  a  minimum-B  magnetic  mirror  geometry,  which 
consists  of  a  multi-cusp  magnetic  field  to  assist  in 
confining  the  plasma  radially,  a  flat  central  field  for  tuning 
to  the  ECR  resonant  condition,  and  specially  tailored  mirror 
fields  in  the  end  zones  to  confine  the  plasma  in  the  axial 
direction. 

The  advanced  ECR  ion  source  considered  in  this 
document  allows  for  heating  of  a  large  fraction  of  the  total 
volume  of  the  ECR  ion  source.  The  ECR  volume  can  be 
varied  by  increasing  the  number  of  poles  used  for  radial 
confinement.  In  all  cases  for  N  >  4,  the  ECR  zone  in  the 
central  region  of  the  proposed  ECR  ion  source  concept  is 
continuous  and  on-axis.  The  magnetic  field  is  designed  to 


achieve  an  axially  symmetric  plasma  volume  with  constant 
mod-B,  which  extends  over  the  length  of  the  central  field 
region. 

V.  ELECTRON  HEATING 
CHARACTERISTICS 

In  order  to  achieve  a  flat  field  profile  in  the  radial 
direction,  it  is  necessary  to  use  a  high-order  multi-cusp 
magnetic  field.  The  effect  of  increasing  the  field 
multiplicity  on  the  physical  size  of  the  respective  ECR 
zones  for  N=6and  N=22  multipole  fields  is  illustrated  in 
Fig.  2  which  displays,  respectively,  magnetic  field  versus 
radial  position  (lower  portion),  and  the  velocity  of  the 
electrons  which  are  resonantly  excited  as  a  function  of 
radial  position  (upper  portion).  In  Fig.  2,  the  transition  from 
heated  to  nonheated  regions  of  the  plasma  at  the  ECR 
condition  is  very  apparent.  Electron  heating  studies  show 
that  the  ECR  microwave  power  can  be  coupled  more 
efficiently  in  the  new  ECR  ion  source  than  in  conventional 
ECR  ion  sources.  For  the  same  time  duration,  microwave 
adsorption  is  increased  by  more  than  a  factor  of  seven  over 
conventional  ECR  sources. 

VI.  DISCUSSION 

The  ECR  ion  source  described  in  this  paper  has  a  much 
larger  volume  of  resonant  plasma  resulting  in  greater 
absorptivity  of  the  microwave  power  with  higher  electron 
temperatures.  By  varying  the  multiplicity  of  the  radial-cusp 
magnetic  field,  the  size  of  the  ECR  "volume"  can  be 
varied.  The  more  uniform  distribution  of  the  ECR  power 
and  the  greater  proportion  of  hot  electrons,  as  a 
consequence,  implies  a  greater  degree  of  ionization  of  the 
plasma  and  higher  charge  states  of  multiply  charged  ions 
within  the  plasma  volume. 
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Fig.  2  Illustration  of  the  effect  of  varying  the  number  of  cusps  N  on  the  volume  of  central 
(flat)  magnetic  field  plasma  that  can  be  tuned  to  the  ECR  condition  for  N=6  and  N=22  cusps. 
The  transition  from  heated  to  nonheated  regions  of  the  plasma  is  very  apparent  from  the  plots  of 
the  radial  velocities  of  the  electrons  in  the  respective  plasma  confinement  geometries;  the  lower 
order  azimuthal  field  results  in  a  much  smaller  field  volume  of  resonant  plasma. 
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PULSED  ION  SOURCES  OF  DUOPLASMATRON  TYPE 
WITH  COLD  AND  HOT  CATHODES 

A.  Glazov,  V.  Krasnopolsky,  R.  Meshcherov,  V.  Masalov,  MRTI  RAN 

A  description  of  ion  sources  construction  and  pressure(0.2...1)  Ton*  in  the  discharge  chamber.  The  main 
results  of  examination  of  their  operating  characteristics  are  discharge  current  reaches  the  value  between  100  and  170  A 
presented.  The  beam  energy  is  between  20  and  120  keV.  at  a  pulse  length  from  30  to  40  mks.  The  maximum  output 
The  ion  source  with  a  hot  cathode  having  a  continuous  current  equals  from  0.8  up  to  0.9  A  at  an  extracting  voltage 
bleeding  of  a  working  gas  (the  pressure  in  the  of  90  kV. 

discharge  chamber  is  0.02  Torr)  operates  at  a  pulse  I.  HOT  -  CATHODE  ION  SOURCE 

repetition  frequency  up  to  25  Hz  and  a  rectangular  pulse  The  source  with  a  hot  cathode  of  the  type  described 

length  between  30  and  250  mcs.  At  the  output  of  the  in  [  1,2  ]  is  intended  for  use  in  installations  with  a  small 
source  a  ion  beam  10  mm  in  diameter  is  formed.  The  relative  pulse  duration.  Therefore  it  uses  the  continious 
amplitude  of  current  pulse  is  up  to  60  mA.  The  ion  energy  submission  of  working  gas  (hydrogen  )  with  the  help  of 
is  60  keV  at  a  maximum  pulse  repetition  frequency  and  a  adjustable  bleeding  and  the  compulsory  water  cooling.  For 
maximum  pulse  length.The  source  admits  operating  with  a  higher  reliability  in  design  the  isolators  made  of  ceramics 
medium  power  consumption  of  300  W  during  the  discharge,  and  refractory  metals  are  applied.  The  schematic  diagram  of 
The  source  is  also  used  in  a  continuous  regime  at  a  lower  the  discharge  chamber  of  the  ion  source  and  the 
beam  current.  The  source  with  a  cold  cathode  uses  pulse  gas  accelerating  gap  is  shown  in  Fig.l. 

bleeding  in  order  to  decrease  gas  consumption  at  a 


Figure  1.  Schematic  diagram  of  the  discharge  chamber  of  the  ion  source  with  hot  cathode. 

The  working  gas  from  the  side  of  the  hot  cathode  is  power  at  which  its  long-term  operation  is  possible  was 
supplied  into  the  discharge  chamber  where  the  pressure  determined  in  the  continious  regime.  It  was  found  that  at  a 
of  0.02  Torr  is  supported  as  it  is  necessary  for  the  charge  constant  power  in  the  discharge  up  to  200  W(  200  V,  lA) 
existence.The  pressure  difference  between  the  discharge  and  the  power  supplied  to  the  hot  cathode  and  the  magnetic 
chamber  and  the  container  with  a  pumping-out  post  (  P=l,5  coil  of  200  W  and  20  W  respectively,  the  flow  rate  of 
10”^  Torr  )  is  reached  by  using  a  small  hole  (  1  mm  )  cooling  water  of  1  litre/minute  is  enough.  The  constant 
in  the  diaphragm.  Within  the  gap  between  the  intermediate  voltage  adjustable  over  the  range  (  20  ...60  )  kV  was  applied 
anode  and  the  main  one  the  contracted  magnetic  field  is  to  the  accelerating  gap  of  13  mm  wide.  The  frequency 
created  with  the  help  of  a  magnetic  coil.  The  design  admits  regime  was  provided  by  pulsed  power  supply  of  the  discharge 
the  disassembly  into  the  main  units:  replacement  of  the  gap  with  rectangular  pulses  250  mcs  in  length  and  300  V  in 
hot-cathode,  the  diaphragm  and  the  expansion  cup.  The  ion  amplitude.  The  pulse  frequency  as  adjusted  and  reached 
source  was  tested  in  the  frequency  mode  as  well  as  in  DC  25  Hz,  at  the  same  time  the  pulse  amplitude  of  the 
mode.  At  first  the  allowable  level  of  the  source  discharge  current  did  not  exceed  12  A.  The  steady  pulse 
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height  of  the  beam  current  of  65  mA  at  the  lengh  of  250  mcs 
is  achieved  at  the  accelerating  voltage  of  60  kV,  the 
average  power  of  the  discharge  of  12  W  and  the  aperture  in 
the  expansion  cup  of  9  mm.  The  beam  size  at  the  distance  of 
200  mm  from  the  source  was  not  over  43  mm  with  no 
focusing  elements.  The  experiments  carried  out  with  the 
help  of  collimating  diaphragms  and  partitioned  Faraday 
cup  have  allowed  to  evaluate  the  top  level  of  the 
normalized  emittance  to  be  e=0,12  7C  •  cm  •  mrad.  The 
source  design  allowed  to  carry  out  experiments  in  DC  mode. 
The  discharge  start  was  executed  with  the  help  of  a  single 


voltage  pulse  as  well  as  with  a  smooth  change  of  a  constant 
voltage  on  the  intermediate  electrode.  At  an  extracting 
voltage  up  to  40  kV  the  current  of  H'*',  N+  ions  was  within  the 
mA-range.  The  experiments  conducted  permit  to  make 
the  conclusion  about  the  opportunity  to  use  the  presented 
source  at  high  frequencies  of  current  pulse  repetition, 
therefore  at  a  higher  average  current. 

IL  COLD-CATHODE  ION  SOURCE 

The  duoplasmatron  with  a  cold  cathode  of  the  type 
described  in  [  3  ]  is  schematically  shown  in  Fig.2. 


intermediate  diaphragm 


extracting 


cathodes 


ij-L90  kU 


Figure  2.  Schematic  diagram  of  ion  source  with  cold  cathode. 


It  uses  pulsed  gas  bleeding  which  is  executed  with  the  help 
of  an  electromagnetic  valve.  The  construction  of  the  valve 
permits  to  set  up  the  regime  of  its  operation  during  the 
experiment  without  the  disassembly  of  the  source.  The 
opportunity  of  the  pressure  adjustment  in  the  discharge 
chamber  of  the  source  within  the  interval  (0.2... 1.0)  Torr  is 
provided.  The  source  can  operate  in  a  single  pulse  regime  as 
well  as  in  a  frequency  one  as  the  system  of  water  cooling  is 
used.  In  comparison  with  the  source  considered  above  the 
hot  cathode  is  replaced  with  a  discharge  cell  using  a  cold 
hollow  cathode  made  from  molybdenum.  The  first  discharge 
cell  with  a  hollow  cathode  (  the  cathode  cell)  is  supplied 
with  a  voltage  pulse  up  to  2  kV  and  10  mcs  long.  The  plasma 
which  appears  during  the  start  plays  the  part  of  emitter  for 
the  next  discharge  cell  ( the  main)  which  is  supplied  with  a 
voltage  pulse  up  to  300  V  and  100  mcs  long.  The  anode  of 
the  main  cell  has  the  emission  aperture  with  the  diameter 
from  1,3  mm  to  2,6  mm  which  was  changed  during  the 
experiments.  The  discharge  in  the  main  cell  occures  in  the 
magnetic  field  which  was  changed  up  to  0,25  T  during  the 
experiment.  The  extracting  voltage  was  of  the  pulsed  type  90 
kV  in  amplitude  and  30  mcs  in  length.  The  conducted 
investigations  have  allowed  to  determine  the  following 
optimum  operating  mode  of  the  source:  the  current  of  the 
main  discharge  can  vary  from  140  to  150  A;  the  delay  time 
between  the  tum-on  of  the  valve  and  the  discharge  equals 


(4.. .5)  ms.  The  optimum  gap  size  between  the  intermediate 
electrode  and  the  anode  insert  is  equal  to  5  mm.  At  the 
source  output  the  stable  pulse  amplitude  of  the  current  of 
beam  was  not  less  than  0.65  A  at  an  extracting  voltage  of 
90  kV;dj=25  mm,  2R=20  mm  (see  Fig.2). The  diameter  of  the 
anode  aperture  is  equa  to  2,3  mm.  The  control  of  the  total 
current  amplitude  of  W  beam  was  executed  by  the 
adjustment  of  the  magnetic  field  as  well  as  the  value  of  the 
discharge  current.  The  considered  ion  sources  were  tested  in 
pilot  operation  and  have  confirmed  their  reliability  and 
convenience  in  use. 
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DOUBLE  PULSE  EXPERIMENT  WITH  A  VELVET  CATHODE  ON 

THE  ATA  INJECTOR  * 

G.  Westenskow,  G.  Caporaso,  Y.  Chen,  T.  Houck,  and  S.  Sampayan, 
Lawrence  Livermore  National  Laboratory,  P.O.  Box  808,  Livermore,  CA  94551  USA 


Double  pulse  transport  experiments  were  conducted  on 
the  front  end  of  the  ATA  accelerator  to  obtain  data  on  the 
capability  of  a  velvet  cloth  cathode  to  produce  two 
successive  pulses.  Pulses  of  approximately  3  kA  were 
extracted  from  the  cathode  with  interpulse  spacings  varying 
from  150  ns  to  2.8  ps  using  an  anode-cathode  voltage  of 
about  1  MV.  Analysis  of  the  current  and  voltage  waveform 
data  from  the  injector  indicate  that  the  effects  of  cathode 
plasma  on  the  second  pulse  of  a  two-pulse  burst  is  minimal. 


(A-K)  gap.  During  the  experiments  a  5.25-inch  diameter 
velvet  cathode  was  used  as  the  electron  source.  The 
separation  between  the  anode  and  the  cathode  was  about 
14  cm  during  most  of  the  experiment.  At  an  anode-cathode 
voltage,  Vak»  of  about  2.5  MV  (normal  operation) 
approximately  8  kA  of  current  is  drawn  from  the  cathode. 
At  Vak  ~  10  MV,  as  used  in  the  double  pulse  experiments, 
approximately  2.5  kA  of  current  is  drawn  from  the  cathode. 
The  average  emission  current  density  to  provide  2.5  kA  of 
current  from  a  5.25  inch  cathode  is  18  A/cm^. 


L  BACKGROUND 

The  ATA  injector  has  typically  used  velvet 
cathodes  [1]  to  obtain  its  10  kA  operation  at  2.5  MV. 
Although  the  precise  mechanism  by  which  these  cathodes 
operate  is  uncertain,  it  is  believed  that  there  is  field 
emission  from  the  tips  of  velvet  fibers  that  extend  into  the 
gap.  The  emitted  current  is  believed  to  lead  to  the  creation 
of  a  plasma  layer  at  the  cathode  surface.  Velvet  cathodes 
have  been  used  occasionally  at  ATA  for  short  bursts  at 
repetition  rates  up  to  1  kHz.  Velvet  sources  were  employed 
for  a  short  time  on  another  high  repetition  rate  injector. 
Above  a  50  Hz  rate  the  emission  current  would  die  out,  but 
recover  as  the  repetition  rate  was  lowered.  This  suggested 
that  the  source  of  the  plasma  from  which  the  electrons  were 
extracted  might  be  adsorbed  gasses  on  the  fiber’s  surface 
which  were  totally  depleted  above  a  certain  repetition  rate. 
The  rate  of  deposition  of  gas  onto  a  clean  surface  is 
proportional  to  the  pressure,  and  there  is  an  equilibrium 
thickness  of  adsorbed  gasses  on  a  surface  for  a  given 
ambient  pressure. 

These  inferences  suggest  that  there  might  be  a  suitably 
large  amount  of  adsorbed  gasses  on  the  velvet  surface  to 
permit  multiple-pulse  operation. 

n.  INJECTOR  CONFIGURATION 

A  schematic  of  the  injector  used  in  the  Double  Pulse 
Experiments  is  presented  in  Fig.  1.  The  ATA  injector  is 
composed  of  two  sections,  each  with  five  250-kV  induction 
cells  in  series,  that  in  normal  operation  provides  a  nominal 
2.5 -MV,  70-ns  FWHM  pulse  across  the  anode-cathode 


*  The  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory  under  contract  W-7405-ENG-48. 
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Figure  1.  Electrode  configuration  used  for  double  pulse 
experiment. 


III.  DOUBLE  PULSE  OPERATION 

For  these  experiments  the  triggering  arrangement  of 
the  ATA  injector  was  modified  so  that  the  even  and  odd 
cells  of  the  injector  could  be  fired  independently.  Extra 
lengths  of  cable  were  added  to  the  high  voltage  trigger  of 
the  odd  cells  so  their  firing  could  be  delayed  in  fixed 
increments.  Since  for  each  pulse  only  half  the  cells  were 
involved,  the  anode-cathode  voltage  was  about  half  of  its 
normal  value.  The  electrode  package  was  not  modified  for 
the  reduce  voltage  operation.  We  expect  that  the  beam 
brightness  would  decrease  for  the  lower  voltage  operation. 
When  the  A-K  gap  was  shortened  by  about  3  cm  in  the 
latter  part  of  the  experiment,  there  was  a  further  decrease  in 
the  beam  brightness. 

Figure  2  shows  data  for  a  2.2  ps  time  separation 
between  the  first  and  second  shot.  It  also  shows  a  source  of 
error  involved  with  trying  to  determine  changes  between 
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the  two  pulses.  If  the  two  pulses  are  captured  on  the  same 
oscilloscope,  the  amplitude  resolution  is  not  good.  If  the 
data  is  captured  on  two  oscilloscopes,  care  must  be  take  to 
ensure  the  calibrations  are  identical  to  permit  detection  of 
small  differences  between  the  two  traces.  The  voltage  of 
the  second  pulse  could  be  adjusted  independently  of  the 
first  pulse. 
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Figure  2.  Example  of  waveforms  for  a  double  pulse.  There 
is  a  small  time  shift  between  the  two  graphs.  Current  is 
only  emitted  on  the  positive  part  of  voltage  pulse. 


A.  Effective  gap  closure 

The  emission  current  density,  Jq,  that  will  be  drawn 
across  an  infinite  diode  with  separation  do,  and  voltage  Vq 
is  given  for  the  steady-state  non-relativistic  case  by: 


Jo  =Z 


(do)^ 


where  %  =  — ^  ^  we  define 


an  effective  gap,  dg,  such  that: 

Vak' 


3/2 


Jc  =X 


(dH)2 


where  Jq  is  the  average  cathode  current  density.  During  the 
experiments  dg  was  about  12  cm.  We  were  looking  at  gap 
closure,  or  a  change  in  dg,  of  about  1%  dg  between  the  first 
and  second  pulse.  Figure  3  shows  a  collection  of  data  on 
this  change  in  the  effective  gap  between  the  first  and 
second  pulse.  As  plasma  drifts  into  the  gap  from  the 
cathode  surface  after  the  first  shot,  the  value  of  dg  will 


decrease.  If  the  active  emission  area  of  the  cathode 
increases  between  the  two  pulses,  dg  will  also  be  reduced. 

B.  Reduced  AK  gap  experiments 

The  first  group  of  experiments  was  performed  with 
dg  =12  cm.  For  these  setting  Jc  ~  18  A/cm^.  We  wished  to 
know  if  the  plasma  closure  problem  would  be  more  severe 
at  higher  Jc,  so  in  the  latter  experiments  we  shorten  dg  to 
about  10  cm.  This  gap  spacing  increased  Jc  to  about 
27  A/cm^.  The  change  in  the  effects  of  the  surface  plasma 
on  the  second  pulse  between  dg=12  cm  and  dg=10  cm  was 
smaller  that  our  ability  to  resolve.  In  the  later  experiments 
we  were  able  to  transport  3.2  kA  through  a  12-m  transport 
section,  and  focus  the  beam  to  a  small  radius  on  the  beam 
dump. 


Figure  3.  Changes  of  dg  between  the  first  and  second  pulse 
as  function  of  time  delay. 

For  a  long  pulse  we  would  expect[l,2]  the  gap  to 
close  at  rate  of  1-3  cm/|xs.  The  first  pulse  is  about  70  ns 
long.  The  gap  does  seem  to  close  at  about  1  cm/|Lis  rate  for 
the  first  few  hundred  nanoseconds.  After  about  400  ns  the 
effect  of  the  cathode  surface  plasma  on  the  second  pulse  is 
weakened  implying  that  the  plasma  is  tenuous.  There  is 
considerable  scatter  in  data  after  this  time.  However,  the 
effect  on  the  second  pulse  is  small,  and  somewhat  masked 
by  calibration  problems.  Following  a  pulse  there  is 
considerable  “ringing”  on  the  cell  voltage  from  the 
mismatched  impedance  at  the  lower  voltage  operation  (as 
shown  in  Fig.  2).  Thus  it  is  difficult  to  obtain  flat 
waveshapes  on  the  second  pulse  at  short  delay  times. 

C.  Emittance  variation 

Although  the  injector  may  have  the  same  perveance 
for  the  two  pulses,  it  is  important  that  the  beam  quality  of 
the  second  pulse  is  not  degraded.  Analysis  of  the  current 
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and  voltage  waveform  data  from  the  injector  indicate  that 
there  is  no  large  emittance  change  between  the  two  pulses 
for  the  core  of  the  beam.  For  the  first  set  of  experiments 
there  was  a  1-m-long  2-cm-diameter  collimator  immersed 
in  a  magnetic  field  in  the  beamline  after  the  injector.  This 
section  is  normally  used  to  select  the  inner  core  of  the 
beam’s  phase  space  for  downstream  experiments,  and  is 
called  the  emittance  selector.  In  the  first  set  of  experiments 
it  selected  about  10%  of  the  beam,  which  was  then 
transported  through  a  8-m  transport  section  to  the  beam 
dump  (current  at  dump  is  shown  in  Fig.  4).  Small  energy 
variations  can  explain  the  differences  between  the  two  sets 
shown  in  Fig.  4.  The  vertical  and  horizontal  position  were 
also  shown  to  have  similar  waveshapes  for  the  first  and 
second  pulse.  From  this  we  believe  that  the  core  beam 
emittance  is  about  the  same  for  the  two  pulses. 

Latter  experiments  in  which  most  of  the  current  (with 
no  emittance  collimator  in  the  system  about  3.2  kA  of 
current  was  transported  to  the  dump)  also  indicate  that  the 
change  in  emittance  between  the  first  and  second  pulse  is 
small.  However,  in  these  experiments  the  magnetic  field 
was  not  zeroed  on  the  cathode.  The  injector  electrodes 
would  need  to  be  rebuilt  for  a  good  determination  of  the 
emittance  variation  between  the  first  and  second  pulses. 


Time  (ns) 

Figure  4.  Beam  current  after  collimator  and  a  8-m  transport 
section.  Each  pulse  is  an  average  of  six  pulses. 


velvet.  We  may  roughly  estimate  this  critical  density  by 
calculating  the  electron  density  required  to  provide  the 
average  current  density  Jc*  We  may  estimate  the  electron 
energy  at  a  distance  d  from  the  velvet  by  using  the 
non-relativistic  expression  for  the  Child-Langmuir  solution: 

A 


43 


where  dg  is  the  effective  A-K  gap  distance  and  Vak  is  the 
anode-cathode  potential.  From  Fig.  3,  after  the  plasma  had 
propagated  about  0.3  cm  into  the  gap  the  cathode  emission 
density  started  to  drop.  Using  dg  as  12  cm  and  A  as  0.3  cm 
for  a  1  MV  anode  potential  yields  an  energy  of  7.3  KeV.  A 
current  density  of  18  A/cm^  then  requires  an  electron 
density  n  «  2x10^^  cm“^.  If  the  ion  density  is  equal  to  or 
greater  than  this  value  then  the  effective  emitting  surface  is 
located  at  distance  A.  from  the  cathode  surface.  However,  if 
the  plasma  density  is  less  than  this  value  then  the  effective 
emitting  surface  shifts  back  towards  the  cathode. 


V.  CONCLUSIONS 

The  experiments  clearly  show  that  a  velvet  cathode  is 
capable  of  producing  two  pulses  at  20-30  A/cm^  at 
interpulse  spacings  from  150  ns  to  3  |xs.  For  a  long  pulse 
machine  we  would  expect  that  the  anode-cathode  gap 
would  continue  to  close  at  order  of  1  cm/|as.  However,  for 
a  short  pulse  injector  the  plasma  effects  from  the  first  pulse 
decrease  after  about  400  ns.  Analysis  of  the  current  and 
voltage  waveform  data  from  the  injector  indicates  that  the 
effects  of  cathode  plasma  on  the  second  pulse  of  a  two 
pulse  burst  is  minimal. 
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IV.  PLASMA  DENSITIES 

The  data  shown  in  Fig.  3  suggests  that  the  plasma 
becomes  too  tenuous  to  support  emission  from  its  boundary 
at  about  400-500  ns  after  the  first  pulse.  Initially,  the 
inferred  plasma  velocity  is  approximately  1  cm/|is  with  a 
density  sufficiently  high  that  some  point  on  its  boundary 
can  act  as  an  effective  emitting  surface.  As  the  plasma 
expands  into  the  A-K  gap  its  density  drops^until  it  can  no 
longer  sustain  emission  from  its  surface  and  the  effective 
emitting  surface  retreats  towards  the  physical  surface  of  the 
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Abstract 

The  transverse  thermal  properties  of  the  electrons  photo-emitted 
from  GaAs  determine  the  intrinsic  beam  emittance,  an  impor¬ 
tant  quantity  in  applications  such  as  polarized  electron  sources 
and  high-brightness  sources.  In  this  paper,  emittance  measure¬ 
ments  using  the  Illinois/CEBAF  polarized  electron  source  are 
described.  The  emittance  was  measured  as  a  function  of  both  the 
laser  beam  spot  size  and  laser  wavelength  at  low  currents.  The 
data  was  used  to  infer  the  transverse  thermal  energy  of  the  elec¬ 
trons  photoemitted  from  GaAs  for  wavelengths  between  5 14  and 
840  nm.  Near  the  bandgap  the  transverse  energy  is  ~34  meV,  a 
factor  of  3  lower  than  that  of  the  beam  from  a  typical  thermionic 
electron  gun. 


1.  Introduction 

Semiconductor  photoemission  electron  sources  are  widely 
used  for  the  production  of  polarized  electrons.  They  are  also  at¬ 
tractive  for  non-polarized  source  applications  such  as  free  elec¬ 
tron  lasers  [Si92]  and  linear  colliders  which  require  high  bright¬ 
ness  electron  injectors  that  can  deliver  a  wide  range  of  currents 
with  demanding  time  structures  and  a  low  emittance.  As  the  in¬ 
trinsic  beam  emittance  is  determined  by  the  effective  temperature 
of  the  electrons  emitted  from  the  photocathode,  it  is  then  impor¬ 
tant  to  know  this  temperature  for  the  semiconductor  in  use  under 
the  operating  conditions  of  the  injector.  The  effective  tempera¬ 
ture  of  GaAs  (the  semiconductor  most  used  for  polarized  electron 
production)  has  been  measured  at  low  acceleration  voltages  by 
other  groups  using  several  different  methods  with  results  around 
0. 1  eV,  close  to  the  value  obtained  from  a  typical  thermionic  gun. 

In  this  paper,  we  report  measurements  of  the  emittance  of  the 
electron  beam  emitted  from  GaAs  for  various  excitation  wave¬ 
lengths  and  laser  beam  diameters  at  100  kV  in  order  to  study  the 
thermal  properties  of  GaAs  photocathodes. 

IL  Emittance  Measurements 


position  vector  and  a  transfer  matrix,  X  final  =  R  X  initial-  Not® 
that  the  motion  in  the  x  and  y-planes  must  be  decoupled  to  be 
able  to  use  a  separate  2x2  matrix  representation  for  x  and  y, 
otherwise  a  more  complete  representation  must  be  used. 

A  beam  is  made  up  of  a  collection  of  particles  which  is  de¬ 
scribed  by  the  ellipse,  X^a“^X  =1,  where  a  is  the  usual  2  x  2 
beam  matrix.  The  beam  matrix  is  propagated  through  the  beam¬ 
line  hy  (Tf  =  R  a/R  Expanding  the  beam  matrix  at  the  end 
of  a  set  of  magnets  and  drifts  in  terms  of  the  initial  beam  matrix 
then  gives 

O'!!,/  =  +  Rn^22,i-  (1) 

Since  the  beam  radius  is  given  by  equation  1  shows  that  a 

measurement  of  the  beam  size  at  the  exit  of  the  beamline  for  three 
different  magnet  settings  is  sufficient  to  determine  cr  at  the  en¬ 
trance  to  the  beamline  if  the  transfer  matrix,  R,  is  known  [Ro87]. 
The  emittance  is  then  the  area  of  the  beam  ellipse,  or  Tt^/deia. 

The  most  commonly  used  definition  of  emittance  is  that  of  the 
rms  emittance,  defined  as 

Brms  —  4  ^(X^){X'^}  -  (xx')^.  (2) 

As  an  example  of  an  application  of  rms  emittance,  consider 
the  calculation  of  the  emittance  of  an  electron  gun  at  low  cur¬ 
rents  P^a77].  Assuming  that  the  electrons  are  emitted  uniformly 
and  isotropically  from  a  cathode  of  radius  R  in  the  presence  of  an 
accelerating  electric  field,  and  if  the  cathode  operates  at  a  tem¬ 
perature  T,  then  the  distribution  function  for  jc'  is  Maxwellian 
and  <  x'^  >  can  be  calculated  to  be  kTfmc^p'^y^.  The  mean 
square  value  of  x  is  simply  <  x'^  >=  R^/4.  Using  equation  2 
and  the  fact  that  <  jcx'  >=  0  for  this  initial  beam  distribution, 
the  emittance  of  an  electron  gun  operating  at  a  temperature  T  is: 


^rms 


=  2R 


kT 


(3) 


This  equation  was  used  to  infer  T  from  measurements  of  Srms  for 
different  initial  beam  radii. 


A.  Theory 

Consider  the  motion  of  a  particle  through  a  beamline  consist¬ 
ing  of  drift  spaces  and  non-dispersive  focusing  magnets.  In  the 
x-plane  (similar  equations  hold  for  the  y-plane),  the  position  vec¬ 
tor  at  the  end  of  the  beamline  is  given  by  the  product  of  the  initial 
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B,  Beamline  Setup 

The  measurements  were  carried  out  using  the  University  of  Illi¬ 
nois/CEBAF  polarized  electron  source.  It  consists  of  a  100  keV 
GaAs  photocathode  electron  gun,  a  spin  rotation  system  and  a 
Mott  polarimeter  (see  [En93]  and  [Du93]  for  details).  Ideally, 
one  would  measure  the  emittance  at  the  exit  of  the  gun  to  elimi¬ 
nate  problems  of  disturbing  the  phase  volume  during  beam  trans¬ 
port.  However,  this  was  not  feasible  due  to  other  experiments  in 
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progress,  so  the  emittance  was  measured  after  the  beam  traversed 
a  spin  rotation  system  and  polarimeter. 

The  actual  beamline  for  the  emittance  measurements  consisted 
of  a  pair  of  solenoid  lenses  followed  by  a  drift  space  of  1  m  to  a 
wire  scanner.  The  two  solenoids  are  identical  and  powered  with 
current  flowing  in  the  opposite  sense  to  insure  that  they  introduce 
no  x-y  coupling  so  that  the  formalism  in  section  II-A  can  be  used. 

C.  Laser  Setup  for  the  Emittance  Measurements 

To  cover  the  desired  range  of  wavelengths,  three  lasers  were 
used:  a  helium-neon  laser  (633  nm),  an  argon-ion  laser  (514  nm), 
and  a  argon-pumped  titanium  sapphire  laser  (700-900  nm).  To 
eliminate  problems  that  could  arise  from  poor  laser  beam  point¬ 
ing  stability  and  a  difference  in  beam  profiles  between  lasers, 
the  laser  beam  was  focused  onto  a  circular  aperture  which  was 
then  imaged  to  a  uniform,  circular  spot  on  the  photocathode.  An 
achromatic  lens  with  a  focal  length  of  1  m  was  placed  on  an  x- 
y  positioning  stage  2  m  from  the  cathode.  The  set  of  apertures 
was  mounted  on  an  adjustable  stage  another  2  m  upstream  from 
the  lens  along  the  laser  beam  path.  Each  laser  in  turn  was  then 
roughly  collimated  using  a  small  telescope  to  produce  a  5  mm 
diameter  beam  and  steered  onto  the  aperture  of  choice.  All  of  the 
optical  elements  were  then  adjusted  until  an  image  of  the  aper¬ 
ture  was  centered  on  the  photocathode.  Periodically,  the  image 
was  diverted  by  a  movable  mirror  so  it  could  be  viewed  on  a  CCD 
camera;  the  spot  was  uniform  to  within  ~10%  across  the  beam 
(see  figure  1).  To  change  beam  diameters,  a  different  aperture 
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Figure.  1.  Profiles  of  the  laser  beam  spot  as  viewed  on  a  CCD 
camera.  The  plots  are  cuts  through  the  center  of  the  laser  beam 
image  for  each  of  the  four  apertures. 


was  centered  on  the  laser  beam  while  observing  the  image  on  the 
CCD  camera.  This  setup  allowed  the  laser  spot  size  and  location 
to  be  reproduced  accurately  independent  of  the  laser  wavelength. 
It  also  improved  the  pointing  stability  since  the  collimated  laser 
beam  spot  was  substantially  larger  than  the  aperture. 


D.  Determination  of  Beam  Width 

The  electron  beam  profile  was  measured  using  a  standard  wire 
scanner  driven  by  a  stepper  motor.  The  wires  were  50  (im 
gold-plated  tungsten  and  the  signals  on  the  x  and  y  wires  were 
read  out  using  an  I-V  preamplifier  with  variable  gain  and  a 
accurate  digitial  voltmeter  (all  measurements  were  with  a  DC 
beam).  The  rms  beam  radius  was  calculated  directly  using 
{x^>  =  ^  (Xi  —  Xavg)^i  as  the  beam  profile  was  not,  in  general, 
gaussian.  Background  subtraction  was  performed  by  fitting  a 
line  to  the  region  of  data  outside  of  the  beam  area. 

III.  Results  and  Discussion 

The  electron  beam  emittance  was  measured  for  wavelengths 
of  514,  633,  710,  and  840  nm  for  spatially  uniform  laser  beam 
spots  with  diameters  of  1.00,  1.33,  1.70,  and  2.00  mm.  The 
GaAs  photocathode  that  was  used  had  quantum  efficiencies  of 
between  1  and  2%  at  633  nm  after  heat  cleaning  and  activation 
with  cesium  and  nitrogen  tri-fluoride.  All  measurements  were 
made  at  currents  between  5  and  10  ixA  and  a  beam  voltage  of 
100  keV  so  that  space  charge  effects  were  not  important.  This 
was  verified  by  measuring  the  emittance  as  a  function  of  current 
for  the  smallest  spot  size. 

Figure  2  shows  a  plot  of  the  rms-emittance  data  as  a  function  of 
the  laser  beam  diameter  for  four  laser  wavelengths.  The  straight 
lines  are  fits  to  the  data;  the  transverse  thermal  electron  energy, 
Er,  is  obtained  from  the  fitted  slope  by  inverting  equation  3: 
Et  =  {slopef^mc'^P^Y^,  The  error  bars  for  the  emittance  values 


Figure.  2.  The  rms-emittance  as  a  function  of  laser  beam  diam¬ 
eter  for  several  laser  wavelengths.  The  inferred  thermal  energies 
are  shown  in  parenthesis. 

are  mainly  instrumental  in  nature  and  were  determined  to  be 
~6%  [Du93]. 
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A  number  of  researchers  have  measured  the  transverse  ther¬ 
mal  energy  of  electrons  emitted  from  GaAs  photocathodes  using 
a  variety  of  methods  different  than  the  method  used  here.  Most 
of  the  experiments  made  measurements  either  with  only  one  ex¬ 
citation  wavelength  or  with  a  white  light  source,  and  all  made  the 
measurements  at  low  electron  energies,  typically  under  a  thou¬ 
sand  volts. 

For  example,  Feigerle  et  al  [Fe84]  were  interested  in  GaAs 
photocathodes  as  a  intense  source  of  monochromatic  electrons. 
They  measured  the  electron  distribution  curves  (EDO’s)  for  elec¬ 
trons  emitted  from  a  GaAs  cathode  (driven  by  a  810  nm  laser 
diode)  with  a  spherical  deflection  electron  kinetic  energy  ana¬ 
lyzer.  The  measured  widths  (FWHM)  of  the  EDO’s  were  97  meV 
atSOOK  and31meVat77K. 

In  a  study  of  the  photoemission  from  activated  GaAs, 
Drouhin  [Dr85]  measured  very  high  resolution  EDO’s  using  a 
cylindrical  deflection  energy  analyzer.  They  measured  an  Er  of 
~40  meV  at  800  nm  and  reported  a  doubling  of  the  effective  en¬ 
ergy  at  wavelengths  lower  than  633  nm.  They  suggest  that  the 
increase  in  width  of  the  EDO’s  with  increasing  photon  energy 
is  due  to  two  effects.  First,  electrons  excited  by  higher  energy 
photons  have  more  energy  to  lose  as  they  become  thermalized 
into  the  conduction  band  minimum  so  that  their  complete  ther- 
malization  would  require  a  longer  time.  Second,  because  of  the 
decreased  absorption  depth  of  the  higher  energy  photons,  the 
electrons  are  excited  closer  to  the  surface  of  the  crystal  and  thus 
spend  less  time  in  the  crystal  before  emission.  The  combination 
of  the  two  effects  means  that  electrons  excited  by  higher  energy 
photons  are  more  likely  to  leave  the  crystal  before  completely 
thermalizing  than  lower  energy  photons.  They  also  discuss  the 
effects  on  the  shape  and  width  of  the  EDC’s  due  to  the  amount  of 
negative  electron  affinity  and  the  doping  level.  For  example,  as 
the  cathode  quality  degrades  over  time,  the  electron  affinity  rises 
nearer  to  the  vacuum  level  and  decreases  the  width  of  the  EDC’s, 
thus  reducing  the  effective  energy  of  the  emitted  electrons. 

Bradley  [Bra77]  derived  the  effective  transverse  energy  of 
electrons  photoemitted  from  GaAs  (using  a  white  light  source) 
from  limiting  resolution  measurements.  As  their  interest  was  in 
the  resolution  of  imaging  tubes,  the  method  involved  measuring 
the  smallest  resolvable  spacing  of  a  standard  bar  pattern  pro¬ 
jected  onto  the  cathode.  They  determined  the  effective  electron 
energy  to  be  108  meV  over  an  electric  field  range  of  1-4  MeV/m 
(our  source  operates  at  1  MeV/m  at  the  cathode)  using  voltages 
of  several  thousand  volts.  They  also  studied  models  of  electron 
emission  from  rough  surfaces  to  explain  the  high  values  of  the 
Er  (compared  to  room  temperature).  If  the  surface  is  rough, 
small  areas  will  have  local  surface  normals  different  from  the 
average  normal  of  the  crystal.  If  the  local  normal  is  much  differ¬ 
ent  than  the  average  normal,  the  projection  of  the  local  normal 
onto  the  surface  will  contribute  to  a  larger  effective  transverse 
electron  energy  than  might  be  measured  for  a  perfectly  smooth 
crystal  surface. 

In  conclusion,  the  effective  transverse  thermal  energy  of  the 
electrons  emitted  from  a  GaAs  photocathode  was  measured  as 
a  function  of  wavelength  by  a  new  method.  The  measurements 
were  carried  out  at  a  beam  energy  of  interest  for  accelerator  ap¬ 
plications,  100  keV;  this  energy  is  much  larger  than  the  volt¬ 
age  used  in  earlier  experiments.  The  value  of  Ej  inferred  from 


the  measured  rms  emittance  increased  with  decreasing  photon 
wavelength  from  34  meV  at  840  nm  to  103  meV  at  514  nm.  The 
measured  results  were  generally  lower  than  those  of  other  re¬ 
searchers,  where  possible  differences  could  be  due  to  the  beam 
energy,  surface  preparation  techniques,  surface  quality,  surface 
roughness,  and  heat  treatment  cycles.  E^  also  increased  with  in¬ 
creasing  photon  energy,  as  expected.  The  most  interesting  con¬ 
clusion  that  can  be  drawn  is  that  the  effective  transverse  electron 
energy  was  measured  at  an  energy  of  interest  for  accelerator  ap¬ 
plications,  and  was  found  (for  wavelengths  less  than  633  nm) 
to  be  a  factor  of  three  lower  than  a  thermionic  gun  operating  at 
1160K. 
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A  baseline  design  for  the  NLC  positron  source  based 
on  the  existing  SLC  positron  system  is  described.  The 
proposed  NLC  source  consists  of  a  dedicated  S-band 
electron  accelerator,  a  conventional  positron  production 
and  capture  system  utilizing  a  high-Z  target  and  an 
adiabatic  matching  device,  and  an  L-band  positron  linac. 
The  invariant  transverse  acceptance  of  the  capture  system  is 
0.06  m-  rad,  ensuring  an  adequate  positron  beam  intensity 
for  the  NLC. 


structure.  Then,  the  electron  beam  is  accelerated  in  an  S- 
band  (2856  MHz)  linac  with  damped-detuned  stractures  [4] 
to  an  appropriate  energy  (3.1 1  GeV  for  NLC-I  or  6.22  GeV 
for  NLC-II)  for  positron  production.  Beam  loading 
compensation  in  the  accelerator  will  be  accomplished  using 
pairs  of  structures  operated  at  1  MH^  above  and  below  the 
main  RF  frequency,  i.e.,  the  so-called  Af  approach. 

Table  1.  NLC  and  SLC  Positron  Source  Parameters 


I.  INTRODUCTION 

The  Next  Linear  Collider  (NLC)  proposed  by  SLAC 

[1]  uses  a  pulsed  multi-bunch  positron  beam  with  an 
intensity  requirement  that  is  over  an  order  of  magnitude 
greater  than  the  SLC  design  limit  of  7x10^®  positrons  per 
beam  pulse.  This  presents  the  primary  challenge  in 
designing  the  NLC  positron  source  since  a  simple  scale  up 
of  the  SLC  positron  source  would  not  be  feasible  due  to  the 
excessively  high  beam  energy  that  the  target  would  have  to 
withstand.  Thus,  a  significant  improvement  in  the  positron 
capture  efficiency  is  essential  in  realizing  the  NLC  source 

[2] .  In  this  paper  we  present  a  baseline  design  that  is 
reasonably  conservative  and  uses  only  existing 
technologies.  We  use  the  SLC  positron  source  [3]  as  the 
basis  for  our  design,  as  its  design  principles  have  been  well 
tested  in  many  years  of  SLC  operation,  and  make  necessary 
changes  to  accommodate  the  significantly  higher  beam 
intensity  requirement  for  the  NLC.  Table  1  lists  the 
important  parameters  for  the  NLC  positron  source,  along 
with  the  SLC  positron  source  parameters  for  comparison. 

As  in  the  SLC,  the  conventional  technique  of 
producing  positrons  by  bombardment  of  a  conversion  target 
with  high  energy  electrons  will  be  used.  The  proposed 
NLC  positron  source  consists  of  three  systems:  an  electron 
accelerator  complete  with  a  thermionic  gun,  an  RF 
bunching  system  and  a  linac,  a  positron  production  target 
and  a  capture  system,  and  a  positron  linac.  In  what  follows 
the  designs  for  these  systems  that  meet  the  NLC-II 
specifications  will  be  discussed. 

IL  ELECTRON  ACCELERATOR 

A  thermionic  gun  and  an  RF  bunching  system 
incorporating  two  subharmonic  bunchers  and  a  S-band 
buncher  similar  to  those  on  the  SLC  injector  are  used  to 
generate  an  electron  beam  with  the  desired  NLC  time 


Parameters 

SLC  94 

NLC-II 

Electron  Drive  Beam 

Electron  Energy  (GeV) 

No.  of  bunches  per  pulse 
Bunch  Intensity 

Pulse  Intensity 

Beam  Pulse  Energy  (J) 
Repetition  Rate  (Hz) 

Beam  Power  (kW) 

Beam  a  on  target  (mm) 

Pulse  Energy  Density 
p  (GeV/mm^) 

30.00 

1 

3.5x101® 

3.5x10'® 

168 

120 

20.2 

0.8 

5.22x10" 

6.22 

75 

1.5x10'® 

113x10'® 

1120 

120 

134 

1.6 

8.70x10" 

Positron  Collection 

Wall  Emittance  (m  rad) 
Energy  Cut  (MeV) 
Longitudinal  Cut  (psec) 
Yield  (No.  of  e+  s  per  e“) 
Bunch  Intensity 

Pulse  Intensity 

0.01 

20 

15 

2.4 
8.4x1 0‘® 
8.4xl0‘® 

0.06 

20 

60 

2.1 

3.2x10'® 

236x10'® 

III.  POSITRON  PRODUCTION 
AND  CAPTURE 

A.  Positron  Production  Target 

Since  each  electron  beam  pulse  deposits  a  large 
amount  of  energy  in  the  target,  the  target  must  be  moving 
with  respect  to  the  beam  position  to  avoid  successive  beam 
pulses  hitting  the  same  spot  on  the  target  which  would 
damage  the  target.  For  the  NLC  positron  source,  we 
propose  a  rotating  target  design.  While  this  design 
minimizes  possible  intensity  modulation  of  the  captured 
poisitron  beam  due  to  target  motion,  sealing  of  the  target 
chamber  needs  special  consideration. 

For  a  moving  target,  target  failure  may  still  occur  if  the 
energy  density  of  the  drive  beam  is  so  high  such  that 
excessive  thermal  stress  is  created  due  to  instantaneous, 
localized  beam  heating  from  the  impact  of  a  single  beam 
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pulse.  By  virtue  of  its  good  thermal  and  mechanical 
properties  and  its  high  Z  characteristic,  W75Re25  is  chosen 
to  be  the  target  material.  Laboratory  tests  at  SLAC  [5] 
established  an  upper  limit  on  the  pulse  energy  density  of 
the  impinging  electron  beam  at 

Pmax  =  N_EJ{Tta  2)  =  2x10^2  GeV/mm2, 
where  N_  is  the  number  of  electrons  per  pulse,  E_  the  energy 
of  the  incident  electrons,  and  a  the  rms  radius  of  the 
electron  beam  at  the  target.  Thus,  we  choose  the  electron 
beam  size  at  the  target  to  be  1.6  mm,  sufficient  to  keep  the 
energy  density  comfortably  at  8.70x10^^  GeV/mm2. 

Considerations  of  the  drive  beam  power  and  target 
cooling  lead  to  a  ring-shaped  target  design  with  an  outer 
and  inner  diameter  of  20  cm  and  19  cm,  respectively.  A 
rotating  frequency  of  2  Hz  should  be  adequate  to  allow  for 
sufficient  separation  between  successive  pulse  impacts  on 
the  target.  Cooling  tubes  will  be  located  in  a  silver  casting 
in  close  contact  with  the  inner  target  ring  surface  to 
maximize  the  rate  of  heat  conduction  from  the  target  to  the 
cooling  tube  walls.  Cooling  water  flowing  at  a  rate  of  1.3  - 
2.0  l/s  will  keep  the  steady-state  temperature  of  the  target  at 
a  safe  level  so  as  not  to  degrade  the  material  properties. 

One  of  the  key  engineering  issues  is  to  vacuum  seal  the 
rotating  target  shaft  which  must  pass  from  atmosphere  into 
the  target  vacuum  chamber  where  the  vacuum  is  on  the 
order  of  1x1 0"*^  Torr.  Our  proposal  is  to  use  a  combination 
of  radiation  resistant  conductance-limiting  seals  and  several 
stages  of  differential  vacuum  pumping  along  the  length  of 
the  drive  shaft.  These  seals  rely  on  tight  clearance  (<10 
pm)  between  the  shaft  and  seal  surfaces  and  long  path 
length  (»  1  cm)  to  limit  vacuum  conductance  through 
them.  A  conceptual  design  of  the  NLC  positron  target 
system  shown  in  Fig.  1  calls  for  three  stages  of  differential 
pumping  employing  oil-free  scroll  and  turbo  pumps,  while 
two  ion  pumps  maintain  the  vacuum  in  the  target  chamber. 
The  drive  shaft  is  supported  by  two  sets  of  bearings,  one 
inside  the  target  vacuum  chamber  and  the  other  in 
atmosphere.  Cooling  water  is  coupled  to  tubings  embedded 
in  the  shaft  via  a  mating  unit  surrounding  the  shaft 
employing  radiation-resistant  seals. 

B,  Positron  Capture 

The  positrons  emerging  from  the  converter  target  have 
small  spatial  and  temporal  but  large  angular  and  energy 
distributions.  Therefore,  the  use  of  a  large  bandwidth 
phase-space  matching  device,  such  as  a  pulsed  flux 
concentrator  similar  to  the  one  used  on  the  SLC  positron 
source  [3],  is  essential  to  allow  for  efficient  positron 
capture  into  the  accelerator  section  embedded  in  a  long 
solenoid  magnet.  In  this  design,  the  maximum  field 
requirement  from  the  flux  concentrator  is  5.8  T  along  its 
axis.  The  minimum  radius  of  its  internal  cone  needs  to  be 


increased  to  4.5  mm  from  3.5  mm  for  the  SLC  version  to 
accommodate  the  slightly  larger  radial  extent  of  the 
emerging  positron  beam  as  a  result  of  the  increased  drive 
beam  size.  As  for  the  SLC,  the  DC  solenoid  that  surrounds 
the  capture  accelerator  is  required  to  produce  a  0.5  T  field. 


Flux 

Concentrator 


Figure  1 :  A  conceptual  design  of  the  NLC  target  system 
with  three  stages  of  differential  pumping. 

In  order  to  maximize  the  transverse  as  well  as  the 
longitudinal  phase  space  acceptances,  we  propose  to  use  an 
L-band  (1428  MHz)  capture  accelerator  as  opposed  to  the 
S-band  design  for  the  SLC  positron  source.  This  L-band 
design  allows  the  accelerator  structures  to  have  a  20  mm 
radius  aperture.  Embedded  in  the  0.5  T  uniform 
longitudinal  field,  the  capture  accelerator  has  an  invariant 
transverse  acceptance  of  0.06  m  rad,  with  a  headroom  of  2 
mm  to  allow  for  possible  steering  and  alignment  errors. 
The  total  length  of  the  L-band  capture  accelerator 
surrounded  by  the  DC  solenoid  is  12  m,  and  the  loaded 
accelerating  gradient  is  20  MV/m. 

C.  Positron  Yield  Calculation 

The  positron  yield  from  the  target  has  been  calculated 
using  the  EGS  program  [6]  for  6.22  GeV  electrons 
impacting  a  W75Re25  target  of  thicknesses  ranging  from  4 
to  6  radiation  lengths  (1  RL  =  3.43  nun).  By  considering 
both  the  yield  and  the  amount  of  beam  energy  deposited  in 
the  target,  the  optimal  target  thickness  is  found  to  be  about 
4  RL.  At  this  thickness,  the  target  yield  defined  as  the 
number  of  positrons  produced  per  incident  electron  is  12.5, 
and  about  14%  of  the  electron  beam  energy  is  deposited  in 
the  target. 

The  particle  rays  obtained  from  the  EGS  simulation 
have  been  traced  through  the  flux  concentrator  and  the 
capture  accelerator  up  to  the  nominal  250  MeV  end  point 
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using  the  ETRANS  program  [7]  ~  a  ray  tracing  program 
developed  at  SLAC  that  integrates  particle  trajectories 
through  static  magnetic  and  RF  fields  while  ignoring  the 
effect  of  space  charge  and  wake  fields.  By  varying  the  RF 
phase  of  the  accelerating  field,  the  best  positron  yield  at  the 
end  of  the  capture  accelerator  is  found  to  be  2.1  within  an 
energy  window  of  20  MeV  and  a  longitudinal  window  of 
60  psec.  Thus,  with  1.5x10^^  electron/bunch  in  the  drive 
beam,  the  captured  positron  beam  would  have  a  bunch 
intensity  of  3.2x10^®,  which  is  nearly  three  times  the 
required  intensity  of  1.1x10^^  at  the  interaction  point  for 
NLC-II.  We  feel  that  such  a  safety  margin  should  be 
adequate  to  offset  any  unaccounted  for  beam  loss  in  the 
capture  section  due  to  space  charge  and  wake  field  effects 
and  additional  beam  losses  in  downstream  accelerator 
components. 

D.  Maintenance  and  Reliability  Considerations 

Due  to  the  high  radiation  activity  in  the  areas  around 
the  target  in  particular  and  the  low  energy  electron  beam 
dump  as  well,  access  to  these  radiation-hot  areas  during  a 
physics  run  must  wait  until  the  radiation  activity  drops  to 
an  acceptable  level.  As  such  cooling  periods  can  be  up  to  a 
month  long,  any  maintenance  work  in  these  areas  means  a 
long  down  time  for  the  accelerator.  A  logical  approach  to 
increase  the  efficiency  of  the  positron  source  is  to  build  two 
identical  positron  production  and  capture  systems 
adequately  shielded  from  each  other  such  that  access  to  one 
system  is  permitted  while  the  other  is  running.  A 
schematic  layout  of  the  NLC  positron  source  with  two  side- 
by-side  positron  vaults  is  shown  in  Fig.  2.  Calculations 


Figure  2 :  Schematic  layout  of  the  NLC  positron  source 
with  two  side-by-side  positron  production  and  capture 
systems:  1  -  electron  accelerator,  2  -  positron  target,  3  - 
flux  concentrator,  4  -  L-band  capture  accelerator,  5  - 
tapered-field  solenoid  and  uniform-field  solenoid,  6-1.8 
GeV  positron  linac. 

show  that  a  6-m  thick  concrete  wall  is  sufficient  to  shield 
one  vault  from  the  other.  The  input  electron  beam  can  be 
directed  to  either  system  via  bending  magents  that  are 
isochronous  and  linearly  achromatic.  Likewise,  the  250 


MeV  positron  beam  after  the  capture  accelerator  from 
either  system  is  directed  into  a  common  1.8  GeV  L-band 
linac.  The  first  bending  magnet  following  the  capture 
accelerator  also  serves  to  separate  the  captured  electrons, 
which  are  co-produced  along  with  the  positrons  from  the 
electromagnetic  shower  cascade  in  the  target,  from  the 
positron  beam.  The  two-vault  design  should  greatly 
improve  the  serviceability  of  the  positron  source  and, 
therefore,  boosts  its  operation  efficiency. 

IV.  POSITRON  LINAC 

The  optics  for  the  1.8  GeV  L-band  positron  linac  is  a 
strong  focusing  FODO  lattice  consisting  of  large  aperture 
quadrupole  magnets.  The  phase  advance  of  the  lattice  is 
chosen  to  be  607cell,  while  the  beta  function  is  chosen  to 
scale  as  EP-^  along  the  linac.  Coupled  with  a  Gaussian 
detuning  of  10%  total  fractional  frequency  spread  in  the 
accelerating  structures,  there  should  be  negligible  wake- 
field  induced  multi-bunch  beam  blow-up.  As  in  the  S-band 
electron  drive  linac,  the  Af  approach  will  be  used  for  beam 
loading  compensation. 
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Abstract 

In  the  past  decade  a  number  of  research  groups  have  stud¬ 
ied  electron  emission  from  ferroelectric  ceramics.  These  mate¬ 
rials  have  saturation  polarization  Pg,  of  up  to  100//C/cm^.  The 
emission  occurs  when  the  polarization  state  of  the  ferroelectric  is 
changed  rapidly  by  an  applied  electric  field,  and  a  fraction  of  the 
surface  screening  charge  is  released.  We  report  experimental  re¬ 
sults  obtained  using  Lead-Zirconate-Titanate  (PZT)  ceramic  as 
the  electron  source  in  a  planar  diode  geometry.  Experimental 
measurements  of  time-dependent  variations  in  the  emission  are 
presented  and  results  from  a  theoretical  model  are  compared  to 
these  measurements.  We  also  present  new  data  on  the  scaling  of 
the  emission  current  density  for  anode  voltages  of  up  to  50^  V^. 
The  new  data  will  be  used  in  the  design  of  an  electron  gun  using 
a  ferroelectric  cathode. 

L  INTRODUCTION 

In  the  recent  years  a  substantial  effort  [l]-[6]  has  been  dedi¬ 
cated  to  the  generation  of  dense  electron  beams  from  ferroelec¬ 
tric  ceramic  cathodes.  Current  densities  of  at  least  70  A  jcrrP  can 
be  achieved  for  average  diode  electric  fields  as  low  as  60ArV^/m. 
In  addition,  measurements  show  good  beam  quality  and  stable 
operation  at  high  repetition  rate.  Electron  emission  from  fer¬ 
roelectric  ceramics  is  based  on  the  release  of  screening  charge 
from  the  surface  of  the  ceramic  when  its  internal  polarization 
field  is  switched.  In  previously  published  work  the  ferroelec¬ 
tric  was  switched  at  the  same  time  as  the  voltage  was  applied  to 
the  anode.  However,  one  can  anticipate  that  the  potential  well  in 
the  diode  gap  is  not  dependent  only  on  the  switching  voltage  but 
also  on  the  dynamic  characteristics  of  the  ceramic.  In  the  follow¬ 
ing  sections  we  examine  the  effects  of  delaying  the  anode  volt¬ 
age  pulse  relative  to  that  applied  to  the  ferroelectric.  We  also  re¬ 
port  scaling  of  the  gap  current  with  the  anode  voltage  at  voltages 
50kV),  up  to  100  times  that  used  in  our  previous  experiments 
(-  400V). 


IT  EXPERIMENTAL  DATA 

The  experimental  setup  [5]  is  shown  schematically  in  fig.  1. 
A  1mm  thick,  2.5cm  diameter  ferroelectric  disk  is  coated  with  a 
thin  uniform  silver  layer  on  the  back  and  a  gridded  silver  layer  on 
its  front  surface;  in  both  cases  the  thickness  is  ^  l//m.  The  silver 
strips  are  200 fim  wide  and  are  separated  by  a  similar  distance. 

The  gridded  electrode  is  grounded  and  its  effective  emission 
area  is  approximately  A  w  0.8cm^.  For  these  experiments  we 
used  Lead-Zirconate-Titanate  as  the  ferroelectric  sample.  This 
sample  is  mounted  as  a  load  on  a  lOQ  transmission  line  which 
generates  a  150ns,  1  —  ZkV  pulse.  A  positive  or  negative  pulse 
is  applied  to  the  back  electrode  of  the  ferroelectric  and  the  grid 

*Work  supported  by  US  DOE  and  the  US/Israeli  Bi-National  Science 
Foundation. 


is  grounded.  A  planar  carbon  anode  is  located  at  a  distance  of 
^  «  3  —  5cm  from  the  grid.  In  the  time  variation  experiments 
the  anode  is  pulsed  to  ~  14kV,  by  a  charged  transmission  line 

with  a  characteristic  impedance  of  Ztl  =  20^}.  The  applied 

pulse  length  is  about  300ns.  The  delay  between  the  switching  of 
the  ferroelectric  and  the  application  of  the  anode  pulse  is  varied 
between  0  <  r  <  2.5//S. 

Figure  2  illustrates  the  anode  voltage  and  current  for  two  dif¬ 
ferent  delays:  165ns  and  1.2//S.  The  average  currents  range 
from  somewhat  less  than  12 A  in  the  first  case  to  50 A  for  the 
larger  delay.  The  latter  represents  an  increase  by  a  factor  of  more 
than  4  over  that  obtained  with  165ns  delay.  For  longer  delays  the 
current  decreases. 

Figure  3  shows  the  anode  current  for  various  delays  at  an  an¬ 
ode  voltage  of  ^  14kV.  The  behavior  is  similar  if  either  positive 
or  negative  voltage  is  applied  to  the  back  of  the  ferroelectric.  Re¬ 
sults  displaying  a  similar  time  dependence  have  been  obtained  at 
an  anode  voltage  of  ~  35A;K. 

We  have  also  extended  our  previous  scaling  results  for  the  gap 
current  as  a  function  of  the  anode  voltage.  The  Blumlein  pulser 
mentioned  above  is  used  to  feed  the  primary  of  a  4:1  step  up 
transformer  and  the  secondary  output  is  applied  to  the  diode.  The 
source  impedance  is  now  ~  3201^.  Figure  4  shows  the  results  of 
this  investigation.  The  V-I  characteristics  are  still  approximately 
linear  although  there  is  now  evidence  of  current  saturation  in  at 
least  the  3cm  gap  data.  The  resistances  of  the  gap  for  the  3cm 
and  5cm  spacings  are  about  300^^  and  lOOOQ  respectively.  The 
data  reported  were  obtained  with  ^  1 50ns  delay  between  the  fer¬ 
roelectric  pulse  and  the  anode  voltage.  The  current  waveforms 
are  quite  flat  and  repeatable  especially,  as  expected,  when  the  gap 
resistance  is  comparable  to  the  source  impedance. 
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Figure  2.  Anode  voltage  and  gap  currents  for  two  delays  [Upper: 
165ns,  Lower:  1.2/is], 

III.  DISCUSSION  OF  RESULTS 

The  current  measured  in  various  experiments  exceeds  [5]  the 
space-charge  (Child-Langmuir)  limit  for  electrons  with  zero  (or 
low)  energy  electrons  emitted  from  the  cathode.  Measurements 
show  that  the  emission  energy  of  the  electrons  is  less  than  60eV 
in  our  experiments.  Since  the  space  charge  limit  is  based  on  en¬ 
ergy  conservation  in  the  system,  the  excess  of  current  requires 
an  external  energy  source  other  than  that  applied  to  the  anode. 
This  is  provided  by  a  fraction  of  the  energy  initially  stored  in  the 
ferroelectric  [6].  On  pulsing  the  ferroelectric  some  electrons  are 
forced  into  the  diode  gap.  For  zero  voltage  applied  to  the  gap  and 
assuming  zero  diode  current  we  obtain  a  deep  potential  well  in 
the  diode  and  the  electrons  oscillate  in  the  well.  The  well  depth 
may  be  estimated  and  is  found  to  be  much  larger  than  the  the 
maximum  energy  measured  for  the  electrons  emitted  from  the 
cathode.  In  other  words,  the  electron  kinetic  energy  on  emission 
(<  60eU)  cannot  account  for  the  excess  current.  Assuming  that 
the  applied  anode  voltage  Van  is  small  enough  such  that  it  has 
a  negligible  effect  on  the  initial  charge  distribution,  the  gap  be¬ 
comes  resistive  and  has  a  resistance  of 
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where  70  =  1  +  {^Qgapd) / (36eo”ic^)  is  the  average  energy  of 
the  electrons  in  the  potential  well  and  r/o  ~  377Q  is  the  vacuum 
characteristic  impedance.  The  linear  I  —  V  characteristic  pre¬ 
dicted  for  the  diode  is  consistent  with  the  experimental  results 
reported  previously  [5].  For  example,  given  a  4m7n  gap  and 
2.5cm  cathode  diameter  with  1//C  of  charge  released  into  the 
gap,the  diode  resistance  is  lOQ.  For  the  present  data,  where  the 
applied  voltages  are  about  100  times  greater  than  those  used  in 
the  earlier  work,  the  above  relationship  continues  to  give  agree¬ 
ment  with  the  measured  gap  resistance  to  within  thirty-five  per- 


Deky  (;uec) 

Figure  3.  Gap  current  as  a  function  of  delay  at  lAkV,  5cm. 


Anode  Voltage  (kV) 

Figure  4.  Current  as  function  of  anode  voltage  for  3  and  5cm 
gaps. 

cent.  It  should  be  noted  that  the  applied  voltages  are  now  suf¬ 
ficiently  large  that  one  would  expect  them  to  modify  the  charge 
distribution  significantly.  However  it  appears  that  the  model’s 
assumption  of  a  charge  distribution  with  zero  applied  voltage  is 
still  relevant. 

The  dynamics  of  the  polarization  field  are  described  by  a 
Weiss  model  (as  in  ferromagnetics)  and  hence  the  surface  charge 
Q{t)  may  be  represented  by 

(2) 

where  Vfe  is  the  voltage  on  the  ferroelectric,  Vi  =  ksTd/p, 
C  =  €o€rAld  and  Qo  =  PiA.  The  dipole  moment  of  an  indi¬ 
vidual  dipole  in  the  material  is  denoted  by  p,  kja  is  Boltzmann 
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Figure  5.  Current  and  voltage  pulses  applied  to  switch  the  fer¬ 
roelectric 


higher  voltage  regime  (<  bOkV)  as  indicated  throughout  this  set 
of  experiments. 
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constant,  and  Pi  are  characteristic  of  the  material.  The  equi¬ 
librium  surface  charge,  is  denoted  by  and  it  is  a  solution  of 


=  Qotanh  .  (3) 

The  free  charge  due  to  the  applied  voltage  is  denoted  by  Qapp 
and  is  given  by  Co  Vfe  where  Co  =  roAjd.  The  total  change 
in  the  charge,  &Q,  of  the  capacitor  is  tfQ  =  Q  Qapp  — 
a  fraction  of  this  charge  is  released  into  the  gap.  This  fraction  is 
assumed  to  be  unity  in  the  data  displayed  in  fig.  3. 

These  equations  were  used  to  simulate  the  performance  of  the 
ferroelectric  with  the  delayed  anode  pulse  and  the  result  is  over- 
layed  in  fig.  3.  The  model  is  in  good  accordance  with  the  exper¬ 
imental  data.  The  timing  of  the  peak  and“cut-ofP’  current  were 
predicted  theoretically  and  confirmed  experimentally.  The  same 
simulations  indicate  that  the  delay  difference  between  the  peak 
current  and  cut-off  depends  primarily  on  the  properties  of  the  ce¬ 
ramic.  No  clear  dependence  on  other  time-parameters  was  ob¬ 
served. 

The  peak  emission  occurs  exactly  at  the  point  where  the  volt¬ 
age  on  the  ferroelectric  drops  to  zero.  This  can  be  understood 
in  terms  of  total  number  of  charges  released  into  the  gap  since 
this  process  continues  as  long  as  the  applied  voltage  is  non-zero. 
Once  the  voltage  drops  to  zero,  electrons  from  the  gap  return  to 
the  ferroelectric.  Consequently,  less  electrons  are  present  in  the 
diode  gap  and  its  resistance  increases  causing  a  decrease  in  the 
anode  current.  Figure  5  shows  the  ferroelectric  switching  volt¬ 
age.  Note  that  it  drops  to  zero  after  ^  900ns  which  corresponds 
with  the  occurrence  of  the  peaks  in  the  theoretical  and  experi¬ 
mental  data  of  fig.  3. 

In  conclusion,  it  was  shown  that  the  anode  current  increases 
when  extending  the  delay  time  between  the  ferroelectric  and  the 
anode  pulses.  This  increase  continues  for  the  entire  duration  of 
the  ferroelectric  voltage  pulse.  Once  this  voltage  drops  to  zero, 
electrons  from  the  gap  return  to  the  ferroelectric  and  the  current 
decreases.  In  addition,  it  was  shown  that  the  emission  is  not  de¬ 
pendent  on  the  applied  voltage  and  the  same  scaling  laws  which 
were  developed  for  the  low  voltage  (VOiiv  <  bOOV)  hold  for  the 
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Abstract 

Various  electron  emission  properties  of  accelerator 
photocathodes  were  studied  using  short  pulse  lasers.  The 
quantum  efficiencies  (QE’s)  of  copper  and  magnesium 
were  compared  before  and  after  above-damage  threshold 
laser  cleaning.  Changes  in  the  emission  properties  of 
copper  photocathodes  used  in  the  UCLA  RF  photoinjector 
gun  were  observed  by  mapping  the  QE's  of  the  cathode 
surfaces.  The  electron  yield  of  thin  copper  films  resulting 
from  back-side  illumination  was  measured.  Multiphoton 
(nonlinear)  emission  was  studied  as  a  means  of  creating 
ultrashort  electron  bunches,  and  an  RF  gun  Parmela 
simulation  investigated  the  broadening  of  such  pulses  as 
they  propagate  down  the  beam  line, 

L  COPPER  AND  MAGNESIUM  QUANTUM 
EFFICIENCY  MEASUREMENTS 

In  a  radio-frequency  (RF)  photoinjector  gun,  short 
pulse  electron  beams  are  created  using  a  laser  pulse 
incident  on  a  photocathode  placed  in  a  high  RF  field 
accelerating  structure.  The  laser  is  synchronized  with  the 
RF  cycle  to  achieve  maximum  acceleration  and  minimum 
energy  spread  of  the  electron  bunch.  For  high  peak 
currents,  a  photocathode  material  should  be  chosen  which 
has  a  high  quantum  efficiency  at  the  laser  wavelength.  It 
must  also  be  robust  to  withstand  the  high  RF  fields  and 
high  incident  laser  intensity,  and  should  have  a  smooth, 
nonreactive  surface  for  uniform  emission  over  long  periods 
of  operation. 

Copper  and  magnesium  are  two  materials 
conunonly  used  in  these  devices. The  work  function  of 
copper  is  4.6  eV  and  thus  ultra-violet  (UV)  laser  pulses  are 
required  to  achieve  linear  photoemission.  In  the  UCLA  RF 
gun^  these  pulses  are  created  by  frequency  quadrupling  an 
amplified  Nd:YAG  laser  pulse  to  obtain  266  nm  (4.7  eV 
photon  energy)  radiation.  Magnesium  has  a  3.7  eV  work 
function  and  therefore  may  exhibit  a  higher  electron  yield 
than  copper.  However,  Mg  is  more  reactive  than  Cu  and 
subject  to  greater  surface  contamination  which  can  hinder 
photoemission. 

A  DC  field  test  gun  was  devised  to  measure  the 
QE's  of  copper  and  magnesium  photocathodes.  Laser 
pulses  of  266  nm  wavelength,  50  ps  pulsewidth,  and  3  mm 
spot  size  were  sent  through  a  hollow  anode  onto  the 
cathode  sample  at  normal  incidence.  The  anode  was 
biased  at  +5  kV  and  located  3  mm  from  the  cathode, 
resulting  in  an  electric  field  of  1.6  MeV/m.  In  the  actual 
RF  gun  the  electric  field  is  100  MeV/m,  which  enhances 
the  electron  emission  via  the  Schottky  lowering  of  the 


potential  barrier.  No  such  enhancement  was  observed  in 
the  DC  gun.  Thus  the  QE  of  a  photocathode  in  the  RF  gun 
is  typically  an  order  of  magnitude  greater  than  that  of  the 
same  cathode  measured  in  the  DC  gun.  The  anode-cathode 
system  of  the  DC  gun  was  enclosed  in  a  vacuum  system  at 
a  pressure  of  10^  torr.  The  energy  of  each  laser  pulse  was 
measured  on  line  by  a  photodiode  placed  behind  a  UV 
mirror  in  the  laser  line.  The  emitted  charge  was  measured 
by  a  charge  preamplifier  placed  across  a  1  MQ  load 
resistor. 


incident  energy  (fxJ) 

Fig.  1.  Electron  yields  of  Cu  and  Mg. 

The  cathodes  were  1”  diameter  OFHC  copper  and 
95%  Mg-Zn-Al  alloy  samples  hand  polished  to  1  |xm.  The 
QE  of  each  sample  was  determined  by  varying  the  incident 
laser  energy  and  measuring  the  corresponding  emitted 
charge.  For  the  single-photon  (linear)  photoelectric  effect, 
the  emitted  charge  should  be  directly  proportional  to  the 
incident  laser  energy.  The  constant  of  proportionality  of 
this  relationship  is  the  electron  yield. 

The  results  of  the  Cu  and  Mg  measurements  are 
shown  in  Fig.  1.  The  curves  show  the  linear  relationship 
between  charge  and  laser  energy  at  moderate  charge  levels 
-  at  high  charge  levels  the  curves  bend  due  to  space 
charge  saturation.  Initially,  the  electron  yield  of  copper 
was  2.2  pC/pJ  (QE  =  1.0x10“^  electrons  per  photon)  while 
the  magnesium  yield  was  only  0.15  pC/pJ.  We  then 
performed  above-damage  threshold  laser  cleaning  on  the 
magnesium  sample,  and  observed  the  electron  yield 
increase  to  33  pC/juJ  (a  factor  of  220  -  15  times  greater 
than  Cu).  However,  within  minutes  the  yield  decayed  to  10 
pC/pJ  where  it  remained  steady.  Even  in  a  vacuum  of  10“^ 
the  magnesium  surface  can  quickly  become  contaminated 
and  lose  quantum  efficiency.  Similar  cleaning  on  copper 
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showed  a  modest  (factor  of  two)  increase  in  QE  but  no  such 
emission  degradation  over  time.  Although  this  technique 
enhances  electron  yield,  the  resulting  damaged  area  may 
produce  non-uniform  emission  which  could  impair  the 
emittance  of  the  accelerator  beam. 

II.  CHANGES  IN  RF  GUN  PHOTOCATHODE 
EMISSION  CHARACTERISTICS 

In  an  RF  photoinjector  gun,  the  cathode  is  exposed 
to  many  adverse  physical  conditions:  extreme  RF  fields, 
high  voltage  arcing  during  conditioning,  impurities  in  the 
vacuum,  and  repetitive  incident  UV  laser  shots.  These 
factors  may  induce  physical  changes  bn  the  surface  of  the 
photocathode  which  modify  its  photoemission 
characteristics.  Such  changes  were  observed  for  copper 
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Fig.  2.  Spawr  polished  RF  photocathode. 

In  an  attempt  to  understand  the  nature  of  these 
emission  changes,  the  DC  gun  was  used  to  create  quantum 
efficiency  maps  of  the  cathode  surfaces.  This  was  done  by 
focusing  the  input  266  nm  laser  pulse  to  a  spotsize  of 
approximately  100  |JLm,  and  then  moving  the  cathode  with 
the  x,y  feedthrough  to  illuminate  different  points  on  the 
surface. 

The  first  cathode  tested  was  originally  polished  by 
Spawr  Industries  to  ^/20  for  10  pm  light.  It  had  been  used 
in  the  RF  gun  for  4  months  of  operation,  then  removed  after 
its  quantum  efficiency  and  emittance  characteristics 
degraded.  A  QE  surface  map  of  this  cathode  after  removal 
is  shown  in  Fig.  2.  Variations  greater  than  a  factor  of  five 
in  the  QE  are  observed  across  the  surface.  Such  variations 
are  not  present  on  a  newly  polished  Spawr  copper  mirror, 
shown  for  comparison. 
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Fig.  3.  Hand  polished  photocathode. 


The  second  cathode  was  polished  by  hand  to  a  1 
pm  finish.  It  was  installed  in  the  RF  gun  for  one  week 
before  its  quantum  efficiency  and  emittance  characteristics 
began  to  deteriorate.  Fig.  3  shows  the  QE  maps  of  this 
cathode  before  and  after  the  RF  gun  installation.  Note  that 
originally  the  electron  yield  was  two  times  larger  toward 
the  edges  of  the  cathode  than  at  the  center.  This  feature 
was  not  present  for  the  new  Spawr-polished  mirror  (Fig.  2), 
and  thus  seems  to  be  a  characeristic  of  the  polishing 
method.  After  one  week  in  the  RF  gun  the  QE  map  had 
changed,  becoming  fairly  constant  across  the  surface.  No 
large  scale  variations  were  observed  as  on  the  previous 
cathode. 


III.  BACK  ILLUMINATION  OF  THIN  Cu 
FILMS 

Synchronization  of  an  electron  bunch  with  a  laser 
pulse  is  important  in  experiments  such  as  the  plasma  beat 
wave  accelerator.  Using  laser-induced  photoemission  to 
generate  such  electron  bunches  is  an  effective  means  of 
achieving  this  synchronization.  However,  if  a  photoinjector 
gun  is  part  of  an  X-band  or  higher  frequency  linac,  it  may 
be  difficult  or  impossible  to  illuminate  the  front  surface  of  a 
photocathode  with  a  laser  pulse.  If  such  a  device  is  driven 
by  a  DC  gun,  it  may  be  possible  to  circumvent  this  problem 
by  employing  a  thin  film  photocathode  that  is  illuminated 
from  the  back  side  of  the  film  to  produce  electron  emission 
from  the  front  side.  Although  this  technique  will  result  in 
some  loss  of  quantum  efficiency,  it  may  be  useful  in 
systems  which  do  not  require  a  high  total  charge. 

To  investigate  this  possibility,  we  measured  the 
UV  (266  nm)  light  transmission  and  electron  emission 
properties  of  five  different  thicknesses  of  copper  films.  The 
measurements  were  done  in  the  back  illumination 
configuration  of  the  DC  gun.  The  films  were  deposited  on 
1"  diameter  fused  silica  windows  and  ranged  from  270  A  to 
1490  A  in  thickness.  The  laser  pulses  propagated  through 
the  transparent  substrate  onto  the  back  side  of  the  copper 
film.  The  resulting  photoelectrons  were  then  collected  on 
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the  opposite  (front)  side  by  the  hollow  anode.  A  calibrated 
photodiode  was  placed  after  the  hollow  anode  to  meaure 
the  energy  of  the  light  transmitted  through  the  film. 


0  500  1000  1500 


film  thickness  (A) 

Fig.  4.  Back  Illumination  of  copper  thin  films. 

The  results  are  shown  in  Fig.  4.  The  exponential 
fit  to  the  laser  transmission  data  indicates  an  optical  skin 
depth  of  200  A  for  266  nm  radiation.  Note  that  the  ratio  of 
electrons  emitted  via  back  illumination  versus  front 
illumination  is  equal  to  the  fraction  of  UV  light  transmitted 
through  that  film  thickness.  This  shows  that  the  number  of 
electrons  emitted  from  the  front  surface  during  back 
illumination  is  proportional  to  number  of  photons 
transmitted  through  the  film  to  that  surface.  Thus  the  mean 
free  path  of  the  photoelectrons  in  the  metal  must  be  short 
compared  to  the  optical  skin  depth  —  only  the  electrons 
which  absorb  a  photon  very  close  to  the  front  surface  can 
be  emitted. 

Using  back  illumination  on  the  270  A  sample 
reduces  the  electron  yield  by  a  factor  of  eight  due  to  the 
laser  transmission  losses  through  the  film.  A  266  nm  laser 
system  would  then  require  50  pJ  of  incident  energy  to 
produce  10  pC  of  charge.  For  a  laser  pulsewidth  of  1  ps, 
the  peak  current  would  be  10  A.  Thus  reasonable  currents 
can  still  be  obtained  with  modest  incident  laser  energies 
and  pulsewidths,  and  even  higher  efficiencies  could  be 
achieved  by  using  thinner  photocathode  films. 

IV.  MULTIPHOTON  PHOTOEMISSION 

For  high  laser  intensities,  photoemission  of 
electrons  can  occur  even  for  incident  photon  energies  less 
than  the  metal  work  function.  This  can  occur  by  an 
electron  consecutively  absorbing  more  than  one  photon  in 
order  to  gain  enough  energy  to  overcome  the  surface 
potential  barrier.  The  instantaneous  electron  current 
density  emitted  in  such  a  process  is  given  by  the  relation 
7  =  where  /  is  the  laser  intensity,  n  is  the  minimum 
number  of  photons  required  to  overcome  the  metal  work 
function,  and  a„  is  a  constant  depending  on  the  material 
and  the  photon  energy.  For  a  given  laser  pulsewidth  and 
spotsize,  this  can  be  rewritten  in  terms  of  the  emitted 
charge  Q  and  the  incident  energy  £  as  Q  = 


Multiphoton  emission  was  investigated  using  the 
DC  gun  front  illumination  setup.  An  ultrafast  dye  laser  and 
dye  amplifier  system  were  used  to  create  incident  laser 
pulses  of  650  nm  wavelength,  500  fs  pulsewidth,  and  3  mm 
spotsize.  Second  and  third  harmonic  generation  crystals 
could  be  placed  in  the  laser  line  to  generate  325  nm  and 
217  nm  pulses.  The  photon  energies  for  the  650,  325,  and 
217  nm  wavelengths  are  1.9  eV,  3.8  eV,  and  5.7  eV 
respectively.  These  wavelengths  produce  3-2-,  and  1- 
photon  photoemission  processes  in  copper.  The 
experimental  charge  vs.  energy  traces  for  these  processes 
are  shown  in  Fig.  5.  The  slopes  of  the  lines  on  the  log  vs. 
log  scale  reflect  the  linear,  square,  and  cubic  dependence 
of  the  emitted  charge  on  the  laser  energy  for  the  three 
wavelengths.  Multicolor,  multiphoton  emission  has  also 
been  observed.^ 

V.  ELECTRON  TRANSPORT  IN  THE  RF  GUN 

Multiphoton  emission  could  be  utilized  in  an  RF 
gun  to  produce  electron  bunches  that  are  narrower  than  the 
incident  laser  pulse.  The  7"  dependence  of  the 
photoemission  current  density  implies  that  a  gaussian  laser 
pulse  will  produce  a  gaussian  electron  bunch  that  is 
narrower  in  time  by  a  factor  of  ^|n .  If  a  500  fs  FWHM 
laser  pulse  at  1.0  |im  wavelength  (E  =  1.2  eV  per  photon)  is 
used  to  induce  photoemission  on  a  copper  cathode,  the 
resulting  4-photon  emission  process  will  produce  an 
electron  bunch  that  is  initially  250  fs  in  length.  A  Parmela 
simulation  which  modelled  the  UCLA  RF  gun  was  run  to 
investigate  the  temporal  broadening  of  250  fs,  30  pC 
electron  bunches  of  different  spot  sizes  during  transport 
through  the  gun  (Fig.  6).  The  large  spot  size  bunches  were 
broadened  by  the  fringe  fields  of  the  RF  and  solenoid, 
while  the  small  spot  size  bunches  were  subject  to  a  lesser 
broadening  due  to  space  charge  (a  factor  of  2  for  a  1  mm 
radius  spot  size).  This  space  charge  broadening  could  be 
reduced  by  using  a  laser  pulse  train  to  produce  many 
charge  bunches,  each  containing  a  fraction  of  the  total 
charge  necessary  for  the  experiment.  This  method  is 
currently  being  investigated. 
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Fig.6.  Electron  bunch  lengthening  in  the  RF  gun  and 
transport  line.  The  RF  cells  end  at  8  cm  and  the 
focusing  solenoid  ends  at  45  cm. 
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ABSTRACT 

A  long-standing  problem  in  polarized  electron  physics  is 
the  lack  of  a  traceable  standard  for  calibrating  electron  spin 
polarimeter s.  While  several  polarimeters  are  absolutely 
calibrated  to  better  than  2%,  the  typical  instrument  has  an 
inherent  accuracy  no  better  than  10%.  This  variability  among 
polarimeters  makes  it  difficult  to  compare  advances  in  polarized 
electron  sources  between  laboratories.  We  have  undertaken  an 
effort  to  establish  100  nm  thick  molecular  beam  epitaxy  grown 
GaAs(llO)  as  a  material  which  may  be  used  as  a  derivative 
standard  for  calibrating  systems  possessing  a  solid  state 
polarized  electron  source.  The  near-bandgap  spin  polarization 
of  photoelectrons  emitted  from  this  material  has  been 
characterized  for  a  variety  of  conditions  and  several  laboratories 
which  possess  well  calibrated  polarimeters  have  measured  the 
photoelectron  polarization  of  cathodes  cut  from  a  common 
wafer.  Despite  instrumentation  differences,  the  spread  in  the 
measurements  is  sufficiently  small  that  this  material  may  be 
used  as  a  derivative  calibration  standard. 

1.  INTRODUCTION 

At  present  there  is  no  electron  spin  polarization  standard 
of  the  same  sort  as  exists  for  many  quantities,  e.g.,  calibrated 
He  leaks.  While  it  can  be  stated  that  any  one  electron  has  a 
spin  polarization  of  100%  along  some  unknown  axis,  this  is 
not  a  very  useful  definition  and  is  in  fact  incorrect  as  polarization 
is  only  definable  for  an  ensemble.  In  itself,  this  lack  of  a 
standard  would  not  present  a  problem  provided  it  were  possible 
and  practical  to  independently  calibrate  individual  polarimeters 


to  a  high  degree  of  accuracy.  While  several  polarimeters  exist 
which  are  absolutely  calibrated  to  2%,  this  is  not  usually  the 
case.  Such  inconstancy  among  polarimeters  can  make 
polarization  measurements  impossible  to  compare  between 
different  laboratories.  In  laboratories  which  perform  complex 
transport  of  polarized  electron  beams  in  accelerating  structures, 
undiscovered  systematic  errors  in  diagnostic  polarimeters  along 
the  electron  trajectory,  particularly  if  of  varying  types,  can 
contribute  to  erroneous  conclusions  on  the  quality  of  spin 
transport.  Furthermore,  as  progress  in  high  current  solid  state 
polarized  electron  sources  pushes  the  polarization  boundary 
toward  the  100%  upper  limit,  it  is  needful  to  establish  the 
exact  polarization,  as  this  determines,  among  other  things,  the 
viability  of  pursuing  polarization  increasing  schemes. 

II.  CHOICE  OF  MATERIAL 

The  choice  for  a  standard  usable  in  electron  polarimeter 
calibration  is  obvious  upon  a  careful  examination  of  the 
requirements.  For  such  a  standard  to  be  useful,  it  must  either 
operate  in  existing  polarized  electron  sources  or  be  readily 
adaptable  to  them.  It  must  be  fairly  independent  of  operating 
conditions  and  not  drift  (much)  with  time.  It  should  be  readily 
available  in  its  final  form,  or  should  be  easily  made  with  minor 
perturbations  in  manufacturing  resulting  in  no  quantitative 
difference  in  performance.  And  ideally,  it  would  be  free  or 
very  cheap  [1]. 

The  ideal  standard  would  be  one  whose  properties  could 
be  predicted  from  first  principles,  e.g.,  a  naturally  occurring 
source  of  polarized  electrons.  One  example  of  this  type  of 
source  is  ^Co.  However,  such  P-decay  sources  are  weak  and  a 
usable  signal  level  can  only  be  attained  by  an  increase  in  source 
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density  past  a  point  where  depolarization  mechanisms  begin  to 
alter  the  emitted  electron  spin  polarization  from  the  anticipated 
value  [2].  This  leaves  only  the  possibility  of  creating  a  derivative 
standard,  i.e.,  one  whose  properties  may  not  currently  be 
completely  accurately  predicted  from  first  principles  but  which 
meets  the  rest  of  the  criteria  for  a  standard. 

As  the  preponderance  of  polarized  electron  sources  utilize 
photoemission  from  semiconductors  such  as  GaAs  and  GaAsP, 
a  derivative  standard  based  on  one  of  these  materials  is  a 
logical  choice.  In  order  to  maximize  polarization  without 
compromising  performance,  a  layered  structure  with  an  active 
layer  of  100  nm  was  adopted  [3].  A  diagram  of  the  source 
material  appears  in  Figure  1.  The  AlQ3GaQ^As  layer,  which  has 
a  lattice  constant  sufficiently  close  to  that  of  bulk  GaAs  for 
unstrained  growth,  acts  to  impose  an  energy  barrier  to  emission 


Figure  1:  Schematic  of  standard  cathode  material 

from  the  underlying  GaAs,  hence  photoemission  using  light 
with  energy  less  than  1.85  eV  results  in  photoelectrons  from 
only  the  top  100  nm  of  material.  The  Be  dopant  concentration 
was  set  at  SxlO^Vcm^  so  as  to  enable  creation  of  a  high  quality 
negative  electron  affinity  surface  while  minimizing  depolarizing 
effects  [4]. 

III.  MATERIAL  QUALIFICATION 

Prior  to  distribution,  material  from  the  3”  diameter 
wafers  [5]  was  extensively  tested  in  the  Cathode  Test  Laboratory 
(CTL)  at  SLAC[6].  Characterization  included  uniformity  of 
response  across  the  wafer  and  performance  of  the  material 
under  a  variety  of  conditions.  Typical  polarization  and  quantum 
efficiency  (QE)  performance  data  appear  in  Figure  2. 
Polarization  data  are  to  be  viewed  for  relative  values  only.  QE 
data  from  bulk  GaAs  is  shown  for  comparison.  In  the  region 
of  interest,  around  850  nm,  the  difference  in  QE  between  the 
two  is  only  a  factor  of  two.  This  is  especially  important  for 
those  measurements  taking  place  in  polarimeters  with  low 
efficiencies. 

The  wafer  map  of  the  samples  tested  in  the  various 
laboratories  appears  in  Figure  3.  Six  of  the  samples  labeled 
“PEGGY”  were  measured  in  the  CTL  at  SLAC.  The  regularity 
of  response  in  the  polarization  at  a  given  wavelength  and  QE, 
which  is  a  reflection  of  both  cathode  uniformity  and  systematic 
drifts  in  the  CTL  was  within  2%  relative. 


X  (nm) 


Figure  2:  Polarization  and  QE  of  standard  material.Bulk  GaAs 
QE  is  shown  for  comparison.  Note  that  in  the  region  of  highest 
polarization  the  QE  of  the  bulk  GaAs  is  only  a  factor  of  two 
greater  than  that  of  the  standard  material. 


As  conditions  within  source  chambers  differ  from 
laboratory  to  laboratory,  it  was  necessary  to  quantify  the  change 
in  polarization  as  a  function  of  QE.  One  such  set  of  data  appears 
in  Figure  4.  As  can  be  readily  seen,  the  increase  in  polarization 
upon  QE  decay  is  rather  small.  From  these  observations,  we 
chose  a  measurement  wavelength  (841  nm)  that  would  yield  a 
high  QE,  a  maximum  in  the  polarization  and  little  change  in 
polarization  as  the  QE  decays. 

It  was  also  necessary  to  determine  the  effects  of  different 
techniques  for  introducing  the  cathodes  into  vacuum,  e.g., 
loadlock  versus  baking  the  cathode  within  the  source  chamber. 
Sample  treatment  differences  were  tested  by  baking  one  of  the 
“PEGGY”  samples  in  the  loadlock  of  the  CTL  test  system.  No 
differences  not  accounted  for  by  a  slightly  different  QE  from 
the  unbaked  samples  introduced  through  the  loadlock  were 
seen  in  the  polarization. 


Figure  3:  The  location  of  the  samples  tested  in  the  CTL  and 
samples  for  measurement  in  highly  accurate  polarimeters. 
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The  various  processes  responsible  for  QE  decay  were 
tested  in  their  effects  on  the  polarization.  One  sample  (shown 
in  Figure  4)  was  permitted  to  decay  naturally  for  nearly  one 
month.  Another  had  its  QE  dropped  by  the  admission  of  NF,. 
A  third  had  its  QE  decay  rate  accelerated  by  allowing  the 
emitted  electrons  to  impact  the  chamber  walls,  bringing  about 
electron  stimulated  desorption  of  common  background  gasses. 
In  all  of  these  tests,  no  difference  was  seen  in  the  polarization 
dependence  on  the  QE  at  841  nm  between  samples  with  QE 
decays  accelerated  by  the  different  techniques. 

While  some  change  in  the  polarization  at  841  nm  is 
evident  as  the  QE  decays,  it  is  sufficiently  small  that  it  does 
not  appear  clearly  above  the  statistical  scatter  in  the  data.  The 
cumulative  data  allow  us  to  assign  a  preliminary  polarization 
value  of  43.4+0.86%  for  QE  ranging  from  1.2—0.009%.  In 
other  words,  the  polarization  is  constant  to  within  a  relative 
value  of  2%,  the  degree  of  stability  we  required  from  our 
standard. 


Figure  4:  Polarization  and  QE  of  standard  material  as  QE  decays. 
The  last  data  set  was  acquired  by  dosing  the  sample  with  NF,. 
The  source  lifetime  (e-fold  time)  was  26  days. 


IV.  POLARIMETER  BESTIARY 

The  polarimeters  used  in  this  work  fall  into  two  categories, 
Mott[2]  and  optical  [7].  The  Mott  polarimeter  operates  by 
measurement  of  a  back-scattering  asymmetry  in  the  electrons 
impacting  a  high  atomic  mass  film.  Mott  polarimeters  may  be 
self  calibrated,  but  great  accuracy  can  be  achieved  only  with 
much  difficulty[8].  Two  of  the  participating  institutions  utilize 
Mott  polarimeters  calibrated  through  novel  techniques.  At  UC, 
Irvine,  a  pseudo-double  scattering  technique  is  used  to  achieve 
an  accuracy  within  +2%  in  a  120  keV  Mott  polarimeter[9]. 
Rice  University,  on  the  other  hand,  pioneered  the  use  of  surface 
Penning  ionization  coupled  with  an  accurate  He  metastable 
polarization  measurement  to  calibrate  a  20  keV  retarding  field 
Mott  polarimeter  to  an  accuracy  within  3%[10].  Optical 


polarimeters,  which  operate  on  the  principle  of  measurement 
of  the  polarization  of  de-excitation  light  from  noble  gas  atoms 
after  electron  collision  at  near— threshold  energies,  are  essentially 
self  calibrating. 

V.  PRELIMINARY  RESULTS  AND  OUTLOOK 

At  the  time  of  this  writing,  measurements  have  been 
undertaken  at  three  of  the  four  institutions  participating  in 
measurements  utilizing  highly  accurate  polarimeters.  The 
measurements  at  UC,  Irvine,  which  are  completed,  yielded  P  = 
42.69±0.92%  at  a  QE  of  0.38%  and  P  =  44.66±0.94%  at  a  QE 
of  0.08%.  Measurements  at  Rice  using  an  807  nm  laser  yielded 
P  =  40.0±2.5%  at  a  QE  =  0.1%.  The  photocathodes  at  Rice 
and  UC,  Irvine  were  activated  with  instead  of  NFj  indicating 
that  the  photoelectron  polarization  is  not  sensitive  to  the 
activation  process.  Data  from  UN,  Lincoln  are  still  too 
preliminary  to  be  cited  and  measurements  at  the  University  of 
Munster  have  not  yet  taken  place.  These  initial  results  show 
good  promise  that  we  may  quote  a  final  number  for  the 
polarization  with  an  error  <  5%  relative. 
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focusing  section,  we  assume  that  there  are  uniform  electric  field 
in  the  accelerator  structure  section,  and  calculated  magnetic 
fields  are  given  in  the  coil  sections. 

In  the  test  apparatus,  variable  parameters  are  magnetic  field 
of  focusing  section  and  rf  power  to  the  accelerator  structure 
which  are  important  information  as  design  parameters.  And 
these  can  be  also  variable  in  the  tracking  codes.  So  we  can 
compare  the  experiment  results  with  the  simulation’s  one. 


Pulse  Solenoidal  Coil 


DC2  solenoidal  Coil 


Energy  Mesurement  section 


1  2  3 

^  Distance  from  the  Target  (m) 

Tungsten  Target 

Figure.  1.  Outline  of  the  test  apparatus 


Abstract 

In  the  SPring-8,  positron  beams  will  be  used  and  generated  in 
the  linac.  In  this  paper,  simulations  and  experiments  of  a  test 
apparatus  for  the  convertor  are  described.  Results  of  simulations 
are  qualitatively  coincident  with  that  of  experiments,  and  from 
simulation  results,  an  electron/positron  conversion  efficiency  of 
0.5%  is  obtained  at  the  end  of  the  convertor,  with  a  feasible 
design  of  the  convertor  system.  A  future  plan  of  super¬ 
conducting  magnet  system  for  the  convertor  is  also  mentioned. 

I.  INTRODUCTION 

We  are  planning  to  use  positrons  to  avoid  ion-trapping  and 
make  a  beam-lifetime  longer  in  the  SPring-8  Storage  Ring.  The 
positrons  will  be  generated  in  the  SPring-8  Linac  at  250MeV 
section,  and  accelerated  up  to  900MeV  at  the  end  of  the  Linac. 
For  reducing  an  injection  time  to  the  Storage  Ring,  we  have  to 
achieve  high  conversion  efficiency  as  possible. 

In  order  to  design  an  electron/positron  convertor  (target  and 
focusing  system)  for  the  Linac,  we  constructed  a  test  apparatus 
mounted  with  the  JAERI  Linac  at  Tokai  Establishment,  JAERI, 
and  obtained  energy  spectrums  of  the  generated  positrons  with 
various  parameters  of  focusing  system.  Also,  we  developed  a 
simulation  code  of  tracking  particles  in  the  positron  focusing 
section.  Results  of  simulation  and  experiments  are  mentioned, 
and  our  design  of  the  converter  are  discussed. 

IL  TEST  APPARATUS  AND  SIMULATION 
CODES 

The  test  apparatus  at  Tokai  Establishment  is  shown  in 
Figurel,  which  consists  of  a  removable  tungsten  target  (insert 
or  pull  out),  a  focusing  section  (a  pulse  solenoidal  coil,  a  DCl 
solenoidal  coil,  a  DC2  solenoidal  coil,  an  accelerator  structure, 
and  a  quadrupole  magnet),  and  a  measurement  section  (an 
energy  analyzing  magnet  and  a  Faraday-cup).  Electrons 
bombard  to  the  target  with  an  energy  of  about  90MeV. 
Generated  positrons  are  focused  and  accelerated  up  to  ~35MeV 
in  the  focusing  section. 

The  simulation  consists  of  two  codes.  One  is  EGS4  and 
another  is  our  original  tracking  code.  EGS4[1]  is  a  Montecalro 
code.  It  calculates  positron  production  at  the  surface  of  the 
tungsten  target.  Given  parameters  are  injected  electron  position, 
injection  angle  to  the  target  (we  assume  that  all  electrons 
bombard  to  the  target  perpendicularly),  and  electron  energy  on 
the  entrance  of  the  target.  Output  parameters  of  this  code  are 
position,  extracted  angle  from  the  target,  and  energy  of 
positrons  which  are  provided  to  the  tracking  code  as  initial 
conditions. 

The  tracking  code  is  used  fourth-ordered  Lunge-Kutta 
method  and  tracking  positrons  from  the  target  to  the  end  of  the 


III.  RESULTS  OF  EXPERIMENT  AND 
SIMULATION 

Figure2  shows  representative  data  of  simulation  and 
experiment.  These  are  energy  distributions  of  positrons  at  the 
final  point  of  the  focusing  section.  In  Figure2,  variable 
parameter  is  current  of  the  pulse  solenoidal  coil.  Parameters  of 
the  DCl  and  the  DC2  coils  and  rf  power  for  the  accelerator 
structure  are  constant.  Magnetic  field  distribution  is  shown  in 
Figures,  which  corresponds  to  the  case  of  bottom  graph  in 
Figure2.  TABLE. 1  shows  experiment  and  simulation 
parameters  of  Figure2. 

From  the  Figure2,  figure  of  distribution  in  simulation  data  is 
qualitatively  coincident  with  that  in  experiment  data.  Further 
more,  when  the  other  parameters  are  varied,  DCl  or  DC2  coils, 
they  are  also  in  agreement  qualitatively.  Other  data  can  be 
referred  in  ref.  [2]. 

In  the  Figure2,  a  lower  side  peak  in  the  energy  distribution 
shifts  to  right  hand  side  as  pulse  solenoidal  current  increases. 
From  this,  pulse  solenoidal  coil  has  selectivity  of  positron 
energy.  Other  coils  don’t  have  such  contribution[2].  This  is 
important  issue  for  designing  the  focusing  section. 

A  conversion  efficiency  of  produced  positrons  at  the  end  of 
the  focusing  section  against  injected  electrons  is  obtained  of 
0.077%  in  Figure2  simulation  data,  where  produced  positrons 
energy  is  0~50MeV  on  the  surface  of  the  target.  Within  the 
limited  energy,  the  peakllMeV,  the  efficiency  is  0.018%. 

In  the  experiment  data,  energy  resolution  at  the  peak  is  about 
±lMeV,  and  an  efficiency  of  positron  current  at  the  peak 
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a)  experiment  b)  simulation 

Figure.  2.  Energy  distribution  of  Produced  positron 


Figure.  3.  Magnetic  field  distribution  of  the  test  apparatus 


TABLE.  1  parameters  of  experiment  and  simulatoin 


EXPRIMENT  SIMULATION 
Target  Tungsten  Tungsten 

Target  radius  lO.Omm  10.0mm 

Target  thickness  6,0mm  6.0mm 

Ingected  electron  (current)  (number  of  histries) 

150nA(average)  1,026,000 

Injected  electron  energy  90MeV  90MeV 

Repetition  rate  5pps 

Pulse  width  of  electron  current  l&Lsec 

Energy  gain  of  positrons  33.1MeV  33.1MeV 

Radius  of  injected  beam  —  Inu^ 


against  injected  electron  current  is  0.01%,  which  is  comp¬ 
arable  with  simulation  data  of  0.018%.  So  experiment  effi¬ 
ciency  is  55%  of  simulation  data.  Reason  of  this  is  not  cleared 
to  us  enough,  but  all  other  data  show  around  this  rate.  [3] 


IV.  THE  CONVERTOR  OF  THE  FOCUSING 
SECTION  FOR  THE  SPring-8  LINAC 

The  positron  focusing  section  is  now  under  construction. 
It’s  outline  is  shown  in  Figure4.  Capable  magnetic  field  will 
be  update  in  Figure5.  Produced  positrons  can  be  accelerated 
up  to  about  50MeV.  In  this  field  distribution,  positrons  with 
energy  of  20MeV  at  the  surface  of  the  target  rotate  half  times 
in  the  section  of  the  pulse  solenoidal  coil,  and  will  be  selected 
by  the  pulse  solenoidal  coil.  Some  topics  for  designing  this 
section  are  mentioned  below.  From  simulation  data  of  tilting 
pulse  solenoidal  coil,  the  efficiency  was  appeared  to  decrease 
a  lot.  When  the  pulse  solenoidal  coil  tilt  50mrad,  the  effi¬ 
ciency  will  become  to  half  of  non  tilting  case[4].  So  the  pulse 
solenoidal  6oil  has  adjustable  mechanism  for  tilting.  The  effi¬ 
ciency  increase  were  observed  in  the  simulation  when  magn¬ 
etic  field  distribution  of  DC2  solenoidal  coils  is  not  unif- 
orm[4],  so  3  power  supplies  will  be  prepared  independently  to 


DCl  Solenoidal  Ciol 
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Figure.  4.  Outline  of  the  focusing  section  for 
the  SPring-8  Linac 


Figure.  5.  Capable  magnetic  field  distribution 
of  the  SPring-8  Linac 


Figure.  6.  Energy  distribution  of  the  SPring-8  convertor 
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drive  6  DC2  solenoidal  coils.  So  we  can  arrange  various 
magnetic  field  distribution  and  strength  within  Figure.4.  Figu- 
re.6  shows  a  simulation  data  with  a  feasible  design  of  conv¬ 
ertor.  In  this  case,  produced  positrons  are  accelerated  to 
40MeV.  (Its  efficiency  is  better  than  that  of  50MeV  case.) 
The  magnetic  field  strength  in  the  DC2  solenoidal  coil  section 
is  increase  step  by  step  along  beam  line.  The  efficiency  of 
Figure.6  is  0.5%  within  the  limited  energy,  the  peak±5MeV. 
The  actual  conversion  efficiency  will  be  predicted  of  around 
0.3%  from  previous  rate  and  Figure.6. 

V.  PLAN  FOR  SUPER-CONDUCTING 
MAGNET 

Further  studies  of  super-conducting  magnets  are  mentioned 
helow.  In  this  system,  maintenance-free  refrigerated  super¬ 
conducting  magnet  is  used  instead  of  liquid  helium  type.[5] 
Figure?  shows  capable  magnetic  field  distribution  with  new 
type  superconducting  magnet  system.  In  this  system,  a  DC 
coil  is  available  instead  of  the  pulse  solenoidal  coil.  But  keep¬ 
ing  superconductivity  against  incident  power  to  the  coils, 
which  are  provided  by  neutrons,  electrons,  positrons  or  phot¬ 
ons,  is  severe  problem.  FigureS  shows  EGS4  simulation  data 
of  distribution  of  the  incident  power  to  the  wall  of  the  coils 
with  full  power  injection  to  the  target,  (except  for  contribution 
of  neutrons)  In  the  SPring-8  Linac,  full  injection  power  is 
estimated  to  be  7.2kW,  Parameters  of  full  power  injection  are 
seen  in  TABLE.2.  In  this  case,  an  inside  diameter  of  the  DC 
coil  will  be  made  larger  compared  with  normal  pulse  sole¬ 
noidal  coil,  and  a  lead  will  be  inserted  between  the  target  and 
the  coil.  But  the  incident  power  to  the  pulse  solenoidal  coil 
part  of  16W  is  about  one  order  lager  than  the  level  of  keeping 
super-conductivity.  So  this  system  can  not  to  be  acceptable 
this  time,  it  is  one  of  a  theme  in  the  future. 


^  3 


Distance  from  the  target  (m) 


Figure.  8.  Incident  heat  power  to  the  solenoidal  coils 


VL  CONCLUSION 

Simulations  and  experiments  of  the  electron/positron  conv¬ 
ertor  for  the  SPring-8  linac  was  compared.  In  these  data, 
simulations  were  qualitatively  coincident  with  experiments, 
but  conversion  efficiency  of  experiment  data  was  obtained  to 
be  about  55%  of  simulation's  one.  We  obtained  the  conv¬ 
ersion  efficiency  of  0.5%  for  the  actual  SPring-8  convertor  by 
simulation.  With  consideration  of  above  ratio,  the  actual  conv¬ 
ersion  efficiency  will  be  predicted  of  around  0.3%. 
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Figure.  7.  Magnetic  field  distribution  for  the  future  plan 


TABLE.2  Parameters  of  full  power  injection  to  the  target 


Injection  electron  energy 

300MeV 

Injection  beam  pulse  width 

40nsec 

Injection  beam  pulse  current 

lOA 

Pulse  repetition  rate 

60pps 

Injection  power 

7.2kW 
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ABSTRACT 

R&D  on  high  quantum  efficiency  (QE)  alkali 
photocathode  is  in  progress  at  Milano  in  the  context  of  the 
ARES-TTF  (Tesla  Test  Facility)  program.  High  QE 
multialkali  antimonide  and  cesium  telluride  cathodes  have 
been  produced  in  an  advanced  preparation  system. 
Photoemitter’s  preparation  procedures  have  been  set-up,  in 
collaboration  with  the  SESAMO  lab.  of  the  University  of 
Modena,  using  Auger  Electron  Spectroscopy  (AES):  AES 
technique  was  used,  in  conjunction  with  sputter  erosion,  to 
obtain  the  in-depth  profile  of  the  photoemissive  film.  In  this 
way  photocathode  preparation  parameters  (substratum 
cleaning  procedure  and  temperature,  alkali  metal  deposition 
rate,  etc.)  have  been  optimised.  The  spectral  response  of  the 
photocathodes  and  the  QE  spatial  distribution  over  the 
cathode  surface  has  been  measured  using  different  light 
sources  (254  nm  <  X,  <  670  nm)  and  an  optical  scanning 
system.  The  photocathode  poisoning  effect  and  the  changes 
in  the  photoemissive  response  due  to  the  reaction  with 
different  gases  have  been  investigated  exposing  the 
photoemitters,  in  a  controlled  way,  to  methane,  carbon 
monoxide,  carbon  dioxide  and  oxygen.  The  good  results  so 
far  obtained  brought  in  Milano  the  responsibility  of  the 
production  of  cesium  telluride  photocathodes  for  the  TTF 
Injector  II.  A  preparation  system  for  this  application  will  be 
operative  at  Argonne  within  the  end  of  1995. 

INTRODUCTION 

Alkali  based  photoemissive  materials  have  been  widely 
used  in  television  camera  tubes,  photomultipliers  and  image 
intensifier  devices.  Moreover,  in  the  last  years  a  big  effort 
has  been  devoted  to  their  operation  as  electron  sources  inside 
RF  guns,  in  order  to  obtain  high  intensity,  high  current 
density  electron  pulses.  A  more  detailed  discussion  about  the 
characteristics  of  photoemitters  to  be  used  in  an  high  current 
injector  have  been  extensively  discussed  elsewhere  [1-4]. 
Usually  the  choice  of  the  photoemissive  material  together 
with  its  preparation  procedure  has  been  optimised 
empirically.  The  Milano  and  Modena  group  R&D  activity  on 
photocathodes  is  mainly  devoted  to  overcome  this 
philosophy,  applying  surface  analysis  technique  (AES,  XPS) 
to  go  over  the  alchemy  of  photocathode  preparation  and 
operation.  At  Milano  an  advanced  UHV  preparation  system 
[5]  is  operative  (base  pressure  is  TIO  "  mbar)  to  produce 
photoemissive  materials  without  contamination  while,  at 
Modena,  a  simplified  preparation  chamber  [6],  connected  to 
a  multitechnique  analysis  system  (AES  and  depth  profile 


AES),  gives  the  opportunity  to  analyse  "in  situ"  prepared 
photoemitters. 

Our  activity  started  with  the  investigation  of  alkali 
antimonide  photocathodes:  this  choice  had  been  induced  by 
the  high  quantum  efficiency  (QE)  that  characterize  these 
materials  in  visible  light  range.  The  result  obtained  so  far  for 
cesium  antimonide  (CSgSb)  are  discussed  in  reference  [1]. 
The  R&D  activity  is  now  devoted  to  investigate  more  robust 
and  stable  photoemitters:  in  this  paper  we  will  discuss  the 
results  so  far  obtained  on  K^CsSb  and  the  preliminary  data 
obtained  on  Cs2Te  photoemissive  materials. 

EXPERIMENTAL 

A  reproducible  recipe  for  the  preparation  of  stable  cesium 
potassium  antimonide  photoemissive  films  with  high  QE  (on 
a  AISI  304  SS  substratum)  has  been  worked  out  with  the 
support  of  the  AES  and  depth  profile  AES  techniques. 

A  typical  preparation  procedure  of  a  K^CsSb  layer  starts 
with  the  preparation  of  a  Cs3Sb  layer  as  described  in  ref.  5  e 
6.  The  AES  investigation  has  shown  that,  using  this 
procedure,  we  obtain  a  photoemissive  layer  with  a  chemical 
composition  similar  to  that  of  CSgSb  Fig.  2A. 


Energy  (eV) 


Fig.  1  -  Comparison  of  the  spectral  response  of  different  kind 
of  cathodes  prepared  in  our  lab  (K2CsSb  and  Cs3Sb)  with  the 
data  reported  by  Sommer  [7].  See  text  for  more  details. 

This  composition  has  been  also  confirmed  by  the 
comparison  of  the  spectral  response  of  this  photoemitter  with 
the  K2CsSb  produced  following  the  “recipe”  here  described 
and  also  comparing  the  data  we  found  in  literature  [7].  This 
comparison  is  shown  in  fig.l.  After  the  cesium  deposition, 
the  cathode  temperature  is  raised  from  120  °C  to  230  °C  in  a 
few  tens  of  minutes,  maintained  at  this  temperature  for  about 
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60  minutes  and  then  is  lowered  at  120  °C.  At  the  end  of  this 
procedure  photoemission  is  nearly  completely  destroyed  and 
the  QE  is  lower  then  10'^  %  (@  543  nm).  An  AES  depth 
profile  performed  at  this  step  of  the  preparation  procedure 
shows  that  the  layer  contains  not  only  antimony  but  also  both 
alkali  metals  (see  Fig.  2B). 


Hie-  Fe  Sb  -a-  K  ^  Cs 

A 


Fig.  2  -  AES  depth  profiles  after  each  step  of  the  K^CsSb 
cathode  growth:  2A  Cs^Sh  layer;  2B  at  the  end  of  the  230  °C 
heating  procedure;  2C  on  the  definitive  K^CsSb  layer. 


The  next  step  of  the  K^CsSb  preparation  consists  of 
potassium  evaporation:  as  soon  as  we  heat  the  K  source  the 
photocurrent  presents  a  very  rapid  increase.  The  behaviour  of 
the  photocurrent  during  the  potassium  evaporation  is  shown 
in  Fig.  3. 


Fig  3  -  K2CsSb  cathode  photocurrent  (@  543  nm)  and  K 
thickness  during  the  last  step  of  the  preparation  procedure. 


An  AES  depth  profile  analysis  performed  on  the  final  layer 
shows  that  the  chemical  composition,  at  an  estimated  depth 
of  about  5  nm,  is  close  to  the  K^CsSb  one  (see  fig.  2C). 

Unfortunately,  in  front  of  high  QE  characteristics,  K2CsSb 
photoemissive  films  presents  an  high  reactivity  with  different 
gases  and  these  are  probably  the  main  phenomena  that  affect 
the  operation  of  such  a  material  in  a  gun.  We  could 
investigate  the  poisoning  effect  using  the  Milano  preparation 
system  that  operates  with  a  base  pressure  lower  than  1.5 10'^  ‘ 
mbar,  and  is  endowed  with  an  accurate  gas  injection  system. 
K2CsSb  films  present  a  very  high  reactivity  with  oxygen  and 
carbon  dioxide,  while  they  are  rather  insensible  to  methane, 
carbon  monoxide  and  hydrogen  exposition  [6]. 

We  have  measured  also  the  K^CsSb  spectral  response 
during  the  poisoning  with  oxygen:  data  are  shown  in  Fig.  4. 


Fig4  -  QE  variation  in  KjCsSb  during  the  poisoning  with 
oxygen. 

The  enhancement  in  the  cathode  response  with  respect  to 
red  light,  reported  by  Sommer  [7],  is  clearly  visible  after  the 
first  exposition.  Unfortunately  in  the  following  steps  the  QE 
rapidly  decreases.  These  measurements  confirm  the  high 
reactivity  of  these  materials  (e.g.  10  ML  of  oxygen  destroy 
completely  the  K^CsSb  photoemissive  properties)  and 
therefore  forces  the  operation  of  these  photocathode  in 
extremely  UHV  conditions.  The  operation  of  C^b  and 
K2CsSb  photoemitters  in  RF  guns  is  so  limited  to  a  few  tens 
of  minutes  or,  at  best ,  to  a  few  hours  [8].  This  drawback  has 
to  be  overcome  to  ensure  a  reasonably  long  gun  operation. 

The  strategy  followed  is  to  produce  more  robust  and  less 
poisonable  photocathodes  with  a  consequent  longer  lifetime. 
Following  the  experience  of  other  laboratories  such  as  LANL 
[9]  and  CERN  [10],  we  are  now  beginning  a  systematic 
investigation  of  the  properties  of  CsaTe,  using  the  same 
procedure  we  applied  in  the  alkali  antimonide  photoemitter 
R&D.  Cesium  telluride  promises  to  be,  at  this  time,  the  more 
probable  candidate  as  the  photocathode  material  for  the 
future  guns. 

The  preparation  procedure  of  a  Cs2Te  cathode  follows  a 
“recipe”  similar  to  that  used  at  CERN  [10]  and  at  LANL.  [9] 
Tellurium  is  evaporated  using  a  NiCr  dispenser,  similar  to 
that  used  for  alkali  metals  (SAES  Getters)  and  antimony, 
filled  with  99.999  %  tellurium  powder.  After  filling  the 
tellurium  is  melted,  under  helium  atmosphere,  inside  the 
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dispenser  in  order  to  avoid  any  leakage  of  the  Te  powder. 

A  typical  preparation  procedure  can  be  described 
schematically  by  three  mayor  steps. 

-  Molybdenum  substratum  conditioning.  A  molybdenum 
sample  is  cleaned  using  the  standard  procedure  used  for 
UHV  components:  degreasing  in  a  ultrasonic  cleaners  by 
successive  immersion  in  MEK  and  alkaline  soap,  rinsing  in 
pure  water,  drying  in  high  purity  ethyl  alcohol  and  baking, 
under  UHV,  up  to  180  °C  for  some  hours. 

-  Tellurium  deposition:  a  layer  of  about  5  nm  is  deposited 
on  the  Mo  substratum,  at  a  deposition  rate  of  about  1 
nm/min. 

-  Cesium  deposition:  by  heating  the  proper  dispenser 
cesium  is  evaporated  (dep.  rate  is  about  1  nm/min, 
substratum  is  maintained  at  room  temperature)  and  the  alkali 
metal  deposition  is  continued  until  a  maximum  in  the 
photocurrent  is  reached, 

A  Cs2Te  cathode  preparation  procedure  is  illustrated  in 
Fig.5  where  the  typical  behaviour  of  the  photocurrent 
(@  254  nm,  10.4  |iW)  together  with  the  thickness  of  the 
tellurium  and  cesium  films  are  shown. 


Time  (s) 

Fig.  5  -  Cs2Te  cathode  photocurrent  together  with  Te 
Cs  thickness  during  the  cathode  preparation. 
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Typical  QE  value  of  CSjTe  cathode  that  we  have  prepared 
are  reported  in  the  Tab.  1.  The  UV  source  is  a  100  W  high 
pressure  mercury  lamp  (Oriel  6281)  and  the  power 
measurement  detector  is  a  Coherent  LMP2-UV. 


Table  1.  CsaTe  QE  at  different  wavelength 


X  [nm] 

power  [|iW] 

QE  [%] 

254 

10.4 

14 

334 

83.7 

0.4 

A  preliminary  AES  depth  profile  of  a  Cs^Te  cathode 
prepared  on  a  molybdenum  sample  shows  a  sharp  interface 
between  the  substrate  and  the  photoemissive  layer.  This 
result  is  in  opposition  with  the  data  obtained,  by  the  same 
kind  of  analysis,  from  a  cesium  telluride  layer  grew  on  a 
copper  substrate.  In  this  case  infact  there  is  a  great  diffusion 
of  the  photocathode  elements  inside  the  substrate  itself.  The 
different  behaviour  of  the  substrates,  showed  by  the  AES, 


could  explain  the  dissimilar  QE  values  of  the  same 
photoemissive  layer  grown  on  copper  or  on  molybdenum 
[9,10]. 

We  have  evaluated  also  the  poisonability  of  cesium 
telluride  exposing  it  to  different  amount  of  various  gases. 

Fig.  6  shows  a  comparison  of  the  behaviour  of  the  QE  of 
K^CsSb  and  CsaTe  photocathodes  as  a  function  of  the 
exposition  to  oxygen:  it  is  clearly  visible  the  higher 
robustness  of  Cs2Te  photoemitter. 


photocathodes  as  a  function  of  the  exposition  to  oxygen. 
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Many  injector  designs  for  free-electron  lasers  and  lin¬ 
ear  colliders  use  photocathode  sources  in  lieu  of  a 
thermionic  cathode.  These  designs  require  mode-locked 
lasers  with  very  tight  phase  and  amplitude  jitter  specifica¬ 
tions  to  achieve  the  electron  beam  quality  needed  for  these 
applications.  We  have  characterized  the  long  term  stability 
of  a  mode-locked  laser  for  use  in  the  injector  test  stand  at 
CEB  AF.  The  sources  of  drift  and  instabilities  were  studied 
and  characterized.  Initial  results  indicate  that  the  most  im¬ 
portant  source  of  drift  is  a  change  in  the  effective  cavity 
length.  A  possible  design  for  automatically  optimizing  the 
length  is  presented, 

L  INTRODUCTION 

Many  proposed  high-brightness  sources  for  driving 
linear  colliders  and  free-electron  lasers  plan  to  use  a  photo¬ 
cathode  injector  [1],  At  CEBAF  we  will  use  a  modelocked 
laser  with  a  dc  gun  [2]  to  provide  a  bright  source  for  a  free- 
electron  laser  (FEE)  driver  accelerator  [3]. 

In  contrast  to  general  research  laboratory  use,  an 
accelerator-based  laser  must  generally  run  unattended  for 
long  periods,  with  remote  control  and  monitoring.  The 
phase  and  amplitude  stability  should  be  comparable  to  rf 
sources  and  the  laser  phase  must  be  locked  to  the  accelera¬ 
tor  master  oscillator.  The  laser  output  must  be  remotely 
controllable  to  match  accelerator  conditions  and  photocath¬ 
ode  quantum  efficiency.  To  date  no  modelocked  laser  has 
exhibited  performance  which  would  meet  these  require¬ 
ments. 

Though  Q-switched  lasers  have  proven  suffi¬ 
ciently  stable  to  operate  as  part  of  an  accelerator  injector 
for  the  SLC  polarized  source  [4],  a  modelocked  laser  is  in¬ 
herently  less  stable  than  a  Q-switched  laser.  It  is  possible 
to  use  feedback  techniques  to  stabilize  the  laser  against 
amplitude  and  phase  oscillations  [5]  but  passive  systems 
are  always  preferred  due  to  their  reliability. 

To  drive  the  CEBAF  injector  test  stand  we  have 
purchased  a  frequency  doubled  Antares™  modelocked 
Nd:YLF  laser  from  Coherent ,  Inc.  Though  our  stability 
specifications  for  the  laser  were  quite  stringent,  the  laser 
has  met  them.  Standard  diagnostics  were  used  to  monitor 
the  laser.  A  photodiode  with  a  65  psec  risetime  was  used 
to  monitor  the  time  structure  of  the  infrared  light  leaking 
from  the  cavity  high  reflector.  Both  slow  and  fast  power 
meters  were  used  to  monitor  the  second  harmonic 
generated  (SHG)  power  and  laser  power  fluctuations.  A 
pickoff  plate  directed  3%  of  the  laser  light  to  an 
autocorrelator  which  monitored  the  pulsewidth  of  the 
second  harmonic. 


11.  DIFHCULTIES  IN  USING 
MODELOCKED  LASERS 

A.  Sensitivity  of  laser  parameters  to  cavity  length 

Since  the  performance  of  a  modelocked  laser  is  quite 
sensitive  to  the  cavity  length,  the  Antares™  laser  cavity 
was  designed  to  have  a  particularly  stable  length.  All  com¬ 
ponents  are  mounted  on  a  5  cm  diameter  Invar  rod  to  re¬ 
duce  temperature  effects.  To  augment  the  stability, 
Coherent  has  used  a  Mefferd  Thermal  Compensator  [6]. 
Using  this  compensator  it  is  possible  to  cancel  out  all  linear 
temperature  dependence  in  the  cavity  round  trip  time.  Note 
that,  even  if  the  Invar  rod  had  no  temperature  coefficient, 
the  laser  would  still  have  some  temperature  dependence  in 
the  round  trip  time  due  to  changes  in  the  refractive  index  of 
air  with  temperature  and  to  changes  in  the  size  of  the  ele¬ 
ments  mounted  on  the  Invar  bar. 

To  indicate  how  critical  the  cavity  length  is  we 
show  in  figure  1  the  dependence  of  the  SHG  power  and  the 
full  width  at  half  maximum  pulsewidth  as  a  function  of 
cavity  length,  A  typical  pulsewidth  curve  is  shown.  The 
shape  of  the  power  curve  drifts  considerably  over  time. 
The  error  bars  on  the  power  curve  indicate  the  changes  in 
the  power  dependence  from  measurement  to  measurement. 
Further  work  is  necessary  to  characterize  the  source  of  this 
drift.  The  laser  does  not  modelock  stably  outside  of  the 
range  of  cavity  lengths  shown.  Note  the  very  narrow 
maximum  in  the  power  and  narrow  minimum  in  the  laser 
pulse  length.  The  infrared  laser  power  is  not  very  sensitive 
to  the  cavity  length  and  so  variation  in  the  SHG  power  is 
mainly  due  to  the  change  in  the  pulsewidth. 

B.  Sensitivity  to  other  variables 

We  looked  at  the  dependence  of  the  laser  on  other  pa¬ 
rameters  as  well.  The  feedback  for  the  laser  head  closed 
loop  cooling  system  has  a  gain  of  9  so  the  coolant  tempera¬ 
ture  is  dependent  on  the  primary  loop  water  temperature. 
We  measured  the  sensitivity  of  the  power  to  the  primary 
water  temperature  and  found  that  the  power  varied  0.5% 
for  a  1  °C  primary  water  temperature  change.  The  water 
temperature  must  therefore  remain  constant  to  ±1°C. 

The  refractive  index  of  air  changes  with  barometric 
pressure  and  relative  humidity  [7].  This  will  not  be  com¬ 
pensated  by  the  Mefford  compensator.  The  sensitivities  are 
0.36  parts  per  million  (ppm)per  mm-Hg  and  0,01  ppm  per 
%  change  in  relative  humidity.  The  dependence  on  humid¬ 
ity  in  an  air  conditioned  environment  should  be  negligible. 
A  10  mm-Hg  change  in  barometric  pressure,  resulting  in  an 
effective  cavity  length  change  of  7  |im,  is  possible  when  a 
weather  front  passes  through.  From  figure  1,  it  is  obvious 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1052 


that  this  would  cause  a  major  change  in  the  laser  perfor¬ 
mance. 


Figure  1 :  Power  and  FWHM  pulse  width  vs. 
laser  cavity  length.  The  pulse  width  is  a  typical 
curve.  The  normalized  power  curve  varies  over 
time.  The  variation  is  indicated  by  the  error  bars. 


III.  NOISE  RESULTS 


Solid-state,  lamp-pumped,  modelocked  lasers  in¬ 
evitably  have  phase  and  amplitude  noise  caused  by  the  wa¬ 
ter  cooling  channels  that  must  have  turbulent  flow  to  re¬ 
move  the  heat  from  the  lamps.  Broadband  turbulence-in¬ 
duced  vibrations  can  cause  phase  noise  either  by  vibration 
in  the  mirrors  causing  changes  in  the  cavity  length  [8]  or  by 
acoustically  induced  changes  in  the  refractive  index  of  the 
laser  rod. 

The  noise  in  the  laser  as  a  function  of  cavity 
length  is  shown  in  figure  2.  Phase  noise  was  measured  on 
only  one  side  of  the  cavity  length  detuning  curve.  In  gen¬ 
eral  it  is  found  that  the  phase  noise  levels  are  highest  near 
the  peak  in  the  power  curve.  Despite  this  the  rms  timing 
jitter  in  the  frequency  range  of  10  Hz  to  5  kHz  is  on  the  or¬ 
der  of  1  ps.  There  is  an  intermittent  laser  instability  which 
creates  higher  levels  of  timing  jitter  at  cavity  lengths 
slightly  shorter  than  the  optimum. 

The  phase  noise  spectrum  is  shown  in  figure  3  for  op¬ 
eration  at  maximum  SHG  power.  There  is  a  general  1/f 
falloff  for  the  broadband  noise  between  100  Hz  and  100 
kHz  and  broad  features  at  250  Hz,  500  Hz,  and  1000  Hz. 
These  features  could  be  due  either  to  acoustic  resonances 
in  the  laser  head  or  to  noise  from  the  master  oscillator 
which  is  amplified  by  poles  in  the  laser  gain  response.  No 
sharp  features  were  seen  in  the  spectrum  of  the  local 
oscillator. 

Although  not  a  minimum,  the  1%  peak  to  peak  noise 
at  maximum  power  meets  our  specification  for  the  laser. 
Also  shown  in  figure  2  is  the  noise  monitor  output  from  the 
laser.  This  monitors  the  amplitude  noise  of  the  fundamen¬ 
tal.  It  is  small  and  constant  over  most  of  the  peak  in  the 
cavity  detuning  curve.  Note  that  amplitude  noise  is  not  as 


serious  as  phase  noise  since  it  can  be  removed  with  an 
acousto-optic  attenuator  in  a  feedback  loop. 


A  rms  timing  jitter  O  Amplitude  noise  a  Noise  monitor 


Figure  2:  Noise  in  the  drive  laser  vs.  cavity 
length.  The  maximum  phase  noise  is  at  the  peak 
of  the  power  vs.  cavity  length  curve. 


10  100  1000  10000 


Offset  from  3.838GHz  carrier  (Hz) 

Figure  3.  Typical  phase  noise  spectrum 
measured  at  the  100th  harmonic  of  the  mode- 
locker  frequency. 


Although  the  spectrum  in  figure  3  is  typical,  we 
occasionally  noticed  that  the  phase  noise  increased  dramat¬ 
ically  at  high  frequencies.  Peaks  at  8  kHz  and  harmonics 
appeared.  The  fundamental  noise  level  rose  when  this  spec¬ 
trum  was  present.  The  laser  persisted  in  this  state  for  up  to 
several  hours.  We  do  not  know  the  cause  of  this  condition 
but  intend  to  study  it  to  determine  which  parameters,  if  any, 
are  out  of  their  typical  range  when  the  noisy  spectrum  ap¬ 
pears. 


IV.  STABILITY  WITH  TIME 
FOR  ANTARES  LASER 

As  figure  1  shows,  very  small  changes  in  the  effective 
cavity  length  can  cause  large  changes  in  the  SHG  power 
and  pulsewidth.  We  carried  out  several  endurance  runs 
during  which  the  second  harmonic  power,  fundamental 
power,  second  harmonic  pulsewidth,  phase  noise, 
fundamental  power  noise,  and  temperatures  of  the  coolant 
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water  and  the  ambient  temperature  were  recorded.  We 
discuss  here  the  results  of  one  of  these  runs. 


Figure  4  Power  and  pulse  width  vs.  time 
during  a  long  laser  run.  Note  offset  vertical  axis. 


After  an  initial  warm  up  time  of  about  six  hours,  the 
ambient  temperatures  stabilized  at  values  of  29.4  °C  in  the 
laser  head  and  27.1°C  outside  the  laser  head.  The  tempera¬ 
ture  remained  constant  to  better  than  ±1°C  over  the  rest  of 
the  endurance  run.  During  the  warm  up  period,  the  funda¬ 
mental  noise  and  the  SHG  pulsewidth  also  varied.  After 
this  period  the  laser  was  quite  stable  for  a  period  of  12 
hours.  The  power  and  pulsewidth  vs.  time  over  this  en¬ 
durance  run  are  summarized  in  figure  4.  This  performance 
is  adequate  for  accelerator  operations. 

V.  CONCLUSIONS 

Although  the  performance  shown  in  figure  4  is  quite 
adequate  for  acceleration  operation,  other  endurance  runs 
had  occasional  periods  of  drift  and  instability. 
Furthermore,  the  occasional  periods  of  large  phase  noise 
would  be  quite  unacceptable  for  accelerator  operations. 

In  general,  the  only  adjustment  which  must  be 
made  over  any  24  hour  period  is  to  the  cavity  length.  One 
might  think  that  a  feedback  loop  should  be  able  to  hold  the 
cavity  at  the  optimum  length.  One  parameter  which  may  be 
ideal  for  this  purpose,  due  to  its  linear  dependence  on  cav¬ 
ity  length,  is  the  timing  offset  between  the  laser  pulses  and 
the  master  oscillator,  shown  in  figure  5.  We  plan  to  study 
the  possibility  of  using  this  signal  in  a  simple  feedback 
loop  to  maintain  the  laser  at  the  peak  in  the  curve.  Note 
that  the  timing  for  optimum  power  may  be  dependent  on 
other  parameters  as  well.  It  is  necessary  to  characterize  the 
laser  using  the  timing  as  a  diagnostic  while  other  parame¬ 
ters  are  varied  so  find  out  how  useful  this  parameter  is  as  a 
control  variable. 


Figure  5.  Power  and  relative  phase  of  the 
light  pulses  with  respect  to  the  modelocker  drive. 
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Abstract 

In  this  paper  we  will  give  analytical  formulae  to  calculate  all 
synchronous  modes'  loss  factors  of  a  disk-loaded  accelerating 
structure.  From  these  analytical  formulae  one  can  easily  find  out 
the  contribution  of  each  synchronous  mode  to  the  total  wake- 
fields.  The  relations  between  the  loss  factors  (wakefields)  and 
structure  geometrical  dimensions  have  been  well  established. 
The  validity  of  these  formulae  has  been  confirmed  by  using 
ABCI  code.  These  analytical  expressions  of  loss  factors  can 
be  used  also  for  a  single  pill-box  cavity. 

1.  INTRODUCTION 

Wakefields  in  a  disk-loaded  accelerating  structure  play  a  dom¬ 
inant  role  in  future  linear  colliders.  The  wakefields  can  be 
calculated  either  in  time  domain  by  directly  solving  Maxwell 
equations,  or  in  frequency  domain  by  summing  up  synchronous 
modes.  Usually,  computer  codes  TBCI  [1]  and  ABCI  [2]  are 
used  in  time  domain,  KN7C  [3]  and  TRANSVRS  [4]  are  used 
in  frequency  domain.  In  this  paper,  however,  we  give  analytical 
expressions  for  the  loss  factors  of  all  synchronous  modes  which 
can  be  used  to  find  the  delta  function  wakefields.  These  analyti¬ 
cal  expressions  reveal  the  dependence  of  the  loss  factors  on  the 
geometric  structure  parameters. 

11.  LOSS  FACTORS  OF  A  DISK-LOADED 
STRUCTURE 


2^ 


D 
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Figure  1 .  Disk-loaded  accelerating  structure 
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ter.  For  the  TMmni  passband  by  using  the  same  method  as  in 
ref.  7,  one  has  E^2‘{r  =  a)  =  Ez^m„t{r  =  a)ri{0mni)  and 
dUfdz  =  Umni/D,  where  Ez^mni{'^  =  a)  is  the  longitudinal 
electric  field  of  the  mode  in  the  closed  pill-box  cav¬ 

ity,  and  Umni  is  the  corresponding  stored  energy.  When  m=0, 
??(^mno)  is  found  to  be  [7] 


where 


^(^mno)  — 


™mnO 


2sm{0mnoh/2D) 

^mnO 

(2) 

(3) 

Where  Umn  is  the  nth  root  of  the  mth  order  Bessel  function. 
However,  if  /  /  0  the  electric  field  variation  inside  the  cavity 
should  be  taken  into  account.  Since 

cos  {1 7T Z / h)  cos  {Omni  ^/E>)  = 


A  disk-loaded  structure  as  shown  in  Fig.  1  can  be  constructed 
by  connecting  two  pill-box  cavities  by  a  piece  of  cylindrical  tube 
of  radius  a  and  of  length  d. 

Due  to  the  coupling  through  the  aperture  between  cavities, 
passbands  will  form  corresponding  to  each  pill-box  resonant 
mode.  In  the  following  we  will  keep  using  three  subscripts  mnl 
to  specify  the  passbands  without  cutting  the  result  from  its  ori¬ 
gin.  We  assume  that  the  synchronous  frequency  u?(^rnnO  is  not 
very  different  firom  the  closed  pill-box  resonant  frequency  Umni » 
and  we  will  use  ujmni  to  replace  the  synchronous  frequency  of 
the  TMynn;  passband.  In  ref.  5,  G.  Dome  has  made  the  same 
assumption  to  attack  the  same  problem. 

The  definition  of  the  loss  factor  of  a  synchronous  mode  is 
expressed  as  [6] 


EzAr=af 

AdU/dz 


(1) 


where  Es^z{f*  ^  ct)  is  the  synchronous  decelerating  electric  field 
along  the  axis  of  r  =  a,  and  dU /dz  is  the  energy  stored  per  me- 


^cos  {{In/h  +  Omni/D)  z)  +  icos  {{6mni/D  -  Iw/h)  z) 

it  is  obvious  that  the  effect  of  /  0  is  just  splitting  one  syn¬ 

chronous  mode  into  two  and  it  is  found  by  analogy  that  rjmni 
can  be  expressed  as 


sin(0„i„i/i/2D  +  /7r/2)  siii(^„„j/i/2D- /x/2) 

Wmnl)  =  - ;; - ■  - h' 


6mnt  +lDn/h 


where 


0mnl  —  E 


0mnl  -  IDw/h 
1/2 


(4) 

(5) 


We  get  then  the  general  expression  of  the  loss  factor  kmni  cor¬ 
responding  to  the  TMyrin;  passband 


k 


mnl  — 


E7:f{r  =  a)^D 

^Emnl 
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It  should  be  pointed  out  that  eq.  6  is  the  analytical  expression 
of  the  loss  factors  of  a  single  pill-box  cavity  by  setting  simply 
D=h. 

By  taking  all  the  modes  into  account,  one  can  find  the  delta 
Wakefield  functions  of  a  point  charge  traversing  a  disk-loaded 
structure  by  using  the  following  formulae 

oo  oo  oo 

(12) 

m=:0  n=:l  ^=0 
CO  CO  oo 

^^M=EEE  (13) 

m=0  n=l  /=0 
oo  oo  oo 

m=:0  n=l  /=0 

where  [6] 

““  J  COs(?Tl(^)  C0s((J,7ifi/T)  (15) 

Wr,mniiT)  =  cos(m0) sin(wm„;r)  (16) 

W^^mni{r)  =  cos(m(^)  sin(a;m„ir) 

(^mnir  \a‘  / 

(17) 

where  r  =  s/c,  s  is  the  distance  between  the  exciting  charge 
and  a  test  charge,  Vq  is  the  transverse  coordinate  of  the  exciting 
charge  and  c  is  the  velocity  of  light  in  vacuum.  For  a  Gaussian 
bunch  of  charge  q  and  bunch  length  at  one  can  calculate  the 
integrated  wakefield  started  from  delta  wakefield  functions 


WgA-^)  = 

f  W^{T-t)I{t)dt 

/  —  OO 

(18) 

WgAt)  = 

f  Wr(T-t)I{t)dt 

'  —CO 

(19) 

WgA-t)  = 

f  —  t)/(<)rf^ 

/  —  OO 

(20) 

and 

AUt  =  B{<Tt)AUo  (24) 

where  At/o  is  the  energy  lost  to  the  fundamental  mode. 

III.  COMPARISON  WITH  NUMERICAL 
RESULTS 

In  this  section  a  special  rf  structure  will  be  used  to  make  the 
comparison  between  the  calculation  results  from  the  analytical 
formulae  and  those  from  the  ABCI  code.  The  exciting  bunch 
is  assumed  to  have  a  Gaussian  distribution  and  the  loss  factors 
shown  in  the  figures  are  k(crt).  In  the  following  analytical  cal¬ 
culations  one  has  chosen  n  =  50  and  /  =  30  if  otherwise  stated. 
It  should  be  declared  that  the  width  of  the  bars  in  the  following 
pictures  has  no  physical  meanings. 

We  consider  a  disk-loaded  structure  as  shown  in  Fig.  1  hav¬ 
ing  the  dimension:  D=3.5cm,  h=2.92cm,  a=lcm  and  25  cm. 
The  exciting  bunch  which  traverses  the  structure  parallel  to  the 
structure  axis  with  an  offset  of  r  =  a  has  an  rms  bunch  length 
az  i<Tz  =  (Ttc).  The  analytical  results  of  the  monopole  modes 
(m=0)  are  shown  in  Fig.  2  where  =  2.5mm.  Using  the 
same  structure  and  keeping  the  same  exciting  bunch  parame¬ 
ters,  we  use  ABCI  to  get  the  corresponding  results  shown  in 
Fig.  3  where  three  cavities  have  been  used.  To  verify  the  HOM 
mode  loss  factors  estimated  by  the  formulae  we  will  compare 
the  beam  loading  enhancement  factor  B((t^)  with  those  calcu¬ 
lated  by  ABCI.  Taking  the  SLAC  type  structure  parameters: 
D=3.5cm,  h=2.92cm,  a=lcm  and  4.02  cm.  the  beam  loading 
enhancement  factor  B{(Tz)  has  been  calculated,  compared  and 
shown  in  Fig.  4  where  the  fitting  curve  is  B{(Tz)  =  4.66cr7°-®’^® 
which  agrees  quite  well  with  the  diffraction  model  [8]  which 
implies  that  the  the  total  loss  factor  for  a  short  bunch  varies  as 
For  the  analytical  curve  shown  in  Fig.  4,  we  have  taken 
n  =  200,  and  I  =  100  which  ensure  the  convergency  of  eq.  22 
for  the  minimum  cr^  used. 

The  agreement  between  the  analytical  and  the  numerical  re¬ 
sults  are  obvious.  The  comparisons  for  the  dipole  modes  have 
been  done  also,  however,  they  are  not  shown  in  this  paper  due  to 
the  limited  paper  length. 
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Figure  2.  (a)  Monopole  wakefield  and  (b)  monopole  mode  loss 
factors.  For  both  figures  =  2.5mm.  The  dimension  of  the 
structure:  D=3.5cm,  h=2.92cm,  a=lcm  and  R=25cm.  (Formu¬ 
lae) 
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Wake  Potentials 

A  B  C  I  8.B  :  Second  example  input 

UB0T=  0.  SIG=  0.250  cm.  DDZ»  0.600  mm.  DDR=  6  000  mm 


Cpu  Time  Ueed-  4.5O7EI0a(e) 
20/  1/86  iai5J  20 


Longitudinal  Wake  yin/Uaxe  -8.107C+00/  3.59eE+00  V/pC,  Ums  Pactore  -5.5e3E+00  V/pC 

Frequency  Spectrum  of  Loss  Factor  m/  i/oa  ib-6i:2o 

ABC!  8.B  :  Second  example  input 

UR0T=  0.  S\C-  0.250  cm.  DDZ=  0.600  mm.  DDR==  5.000  mm 


Figure  3.  (a)  Monopole  wakefield  and  (b)  Monopole  mode  fre¬ 
quency  spectrum  of  loss  factors.  For  both  figures  cr^  =  2,5mm. 
The  dimension  of  the  structure:  D=3.5cm,  h=2.92cm,  a=lcm 
andR=25cm.  (ABCI) 


Figure  4.  The  comparison  of  the  enhancement  factors  B{az) 
calculated  by  the  analytical  formula  and  ABCI  code  for  a  SLAC 
type  structure.  The  dimension  of  this  structure:  D=3.5cm, 
h=2.92cm,  a=lcm  and  R=4.02cm. 
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Abstract 

The  advanced  accelerating  cavities  for  the  NLCTA  (and  antic¬ 
ipated  for  NLC)  will  incorporate  damping  as  well  as  detuning. 
The  damping  is  provided  by  a  set  of  four  waveguides  (which  also 
serve  as  pumping  manifolds)  that  run  parallel  to  the  structure, 
with  strong  iris  coupling  to  each  cavity  cell  and  terminated  at 
each  end  by  absorbers.  The  previously  reported  [  1  ]  [2]  equivalent 
circuit  analysis  has  been  refined  and  the  dependence  upon  design 
parameters  explored.  We  find  that  adequate  damping  can  be  pro¬ 
vided  by  a  single  waveguide  mode,  leading  to  designs  which  are 
more  compact  than  those  initially  considered.  The  design  param¬ 
eters  and  their  rationale  will  be  presented. 

I.  Introduction 

The  accelerating  cavities  for  the  NLC  Test  Accelerator 
(NLCTA)  will  incorporate  damping  as  well  as  detuning  (the 
DDS  structure)  [1][2].  The  detuning  suppresses  the  trans¬ 
verse  Wakefield  experienced  by  closely  trailing  bunches,  and 
the  damping  suppresses  that  experienced  by  the  more  remote 
bunches.  The  damping  is  provided  by  a  set  of  four  waveguides 
(which  also  serve  as  pumping  manifolds)  that  run  parallel  to  the 
structure,  with  strong  iris  coupling  to  each  cavity  cell  and  termi¬ 
nated  at  each  end  by  absorbers.  Absorption  along  the  length  of 
the  manifold  may  also  be  provided.  In  the  following  we  first  re¬ 
view  the  underlying  rationale  of  the  manifold  damping  scheme 
and  describe  improvements  in  the  analyses  which  have  taken 
place  since  our  last  report  [2].  This  is  followed  by  a  descrip¬ 
tion  of  our  proposed  design,  its  conceptual  basis,  and  our  current 
plans  for  its  implementation. 

11.  The  manifold  damping  scheme 

In  the  detuned  structure  cell  dimensions  are  varied  along  the 
length  of  the  accelerator  cavity  in  a  gaussian  manner  so  that  the 
frequencies  of  the  lower  dipole  mode  of  the  individual  cells  vary 
over  a  range  of  approximately  fifteen  percent,  and  the  frequen¬ 
cies  of  the  resultant  coupled  modes  (i.e.,  cavity  modes;  when 
not  qualified,  “mode”  will  be  taken  to  mean  “cavity  mode”)  vary 
over  a  range  of  approximately  25%.  As  shown  in  [3],  these 
modes  are  localized  standing  waves  with  cell  to  cell  amplitude 
variation  which  may  be  viewed  as  an  effective  wavelength  which 
varies  smoothly  and  extensively  along  the  length  of  the  mode. 
Their  structure  can  be  interpreted  in  the  following  manner.  Each 
cell,  if  it  were  part  of  a  periodic  structure,  would  have  associated 
with  it  a  phase  advance  per  cell  (and  hence  a  phase  velocity)  as  a 
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function  of  frequency.  These  quantities  continue  to  have  a  signif¬ 
icance  in  a  localized  sense  when  the  cells  are  assembled  to  form  a 
detuned  structure.  Thus  we  speak  of  a  local  phase  advance  (”per 
cell”  is  understood)  and  a  local  phase  velocity.  Modes  termi¬ 
nate  within  the  structure  where  the  local  phase  advance  is  either 
zero  or  tt,  and  approximately  half  the  modes  are  entirely  confined 
within  the  structure  with  phase  advance  tt  at  one  end  and  zero 
at  the  other.  A  particular  mode  is  excited  by  a  velocity  of  light 
charge  only  if  the  range  of  local  phase  velocities  associated  with 
it  includes  that  velocity.  Similarly  the  mode  couples  strongly  to  a 
manifold  mode  only  if  the  range  also  includes  the  phase  velocity 
of  the  manifold  mode.  This  implies  that  the  coupling  of  a  mode 
to  a  manifold  mode  is  localized  within  the  mode  in  the  vicinity 
of  the  cell  where  the  velocity  match  occurs. 

Our  theoretical  analysis  of  these  structures  has  so  far  been 
based  on  the  single  band  equivalent  circuit  model  discussed  in 
[2].  There  we  derived  the  following  equation  for  the  damped 
cavity  modes: 


/  J-  ^  \  ,  *^“2 

\JT  +  — 2 — — 2 — 

=  J>^YLL^nea!p(-ji?i|n-m|)a„  .  (1) 

^  n 


The  LHS  of  Eq.  (1)  corresponds  to  the  cell  characteristics  and 
the  cell  to  cell  coupling.  Here  am  is  the  excitation  of  cell  m, 
fm  its  resonant  frequency,  f  the  coupled  mode  frequency,  and 
the  represent  the  coupling  between  adjacent  cells.  The 

RHS  ofEq,  (1)  represents  the  coupling  of  the  cells  to  one  another 
via  the  manifold  mode  and  their  coupling  to  the  matched  loads 
which  are  assumed  to  terminate  the  manifold  mode  at  each  end. 
A  summation  over  manifold  modes  (not  shown  explicitly  to  sim¬ 
plify  the  notation)  is  to  be  understood.  Here  km  represents  the 
coupling  of  the  mth  cell  to  the  manifold  mode,  Z  its  wave  impe- 
dence,  kg  its  propagation  constant,  and  <f>  —  kgP  where  P  is  the 
period.  As  discussed  in  [2],  Eq.  (1)  is  a  linear  eigenvalue  equa¬ 
tion  in  1//^  (with  symmetric  coefficients)  when  the  RHS  is  ne¬ 
glected,  and  standard  matrix  diagonalization  techniques  can  be 
used.  The  associated  eigenvectors  (column  vectors  in  the  am) 
may  be  used  in  conjunction  with  the  RHS  to  evaluate,  by  means 
of  standard  perturbation  theory  formulas,  both  the  real  and  imag¬ 
inary  parts  of  the  frequency  shift  due  to  the  manifold  coupling. 

Because  the  matrix  elements  of  the  RHS  are  complex  and  in¬ 
volve  the  frequency  in  a  complicated  way,  standard  diagonaliza¬ 
tion  techniques  cannot  be  used  to  solve  the  full  equation.  Our 
procedure  for  determining  the  complex  mode  frequencies  has 
been  based  upon  the  fact  that  the  determinant  of  the  coefficients 
of  the  am  must  vanish  in  order  to  have  a  non-trivial  solution. 
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Figure,  1.  (a)  Cell-center  cross  section  of  multimode  manifold, 
(b)  cell-center  cross  section  of  single-mode  manifold,  (c)  iris- 
centered  cross  section  of  single-mode  manifold,  (d)  3D  view  of 
single-mode  manifold. 


The  mode  frequencies  for  the  undamped  problem  provide  useful 
starting  frequencies  for  an  iterative  procedure  to  find  the  roots  of 
the  determinant  including  damping.  This  approach  has  proved 
to  be  stable  only  when  the  change  due  to  the  RHS  is  sufficiently 
small.  Alternating  the  iterative  procedure  with  successive  small 
increases  in  the  coupling  strength  has,  however,  enabled  us  to 
overcome  this  limitation. 

Once  the  frequencies  have  been  determined  it  is  staightfor- 
ward  to  determine  the  mode  vectors  by  means  of  Cramer’s  rule. 
We  note  that  these  vectors  are  also  complex  and  while  linearly 
independent,  are  no  longer  orthogonal.  We  have  examined  the 
space  time  behavior  of  a  typical  trapped  mode  making  use  of 
computer  graphics.  The  previously  localized  portion  still  domi¬ 
nates  the  picture,  but  there  is  a  small  tail  which  extends  over  the 
entire  length  of  the  structure  and  represents  the  response  of  the 
cells  to  the  field  in  the  manifold.  It  has  the  character  of  an  out¬ 
going  wave  on  both  sides  of  the  localization  region  with  uniform 
wavelength  (reflecting  the  fact  that  the  manifold  in  this  simula¬ 
tion  was  uniform).  On  the  other  hand,  the  ends  of  the  localization 
region  exhibit  an  ingoing  wave  character  corresponding  to  the 
propagation  of  energy  from  the  outer  regions  of  the  mode  to  the 


region  where  the  mode  couples  well  to  the  manifold.  These  wave 
propagation  features  can  only  occur  for  complex  mode  vectors. 

The  Bane-Gluckstem[3]  procedure  for  relating  these  vectors 
to  the  Wakefield  requires  some  modification.  The  details  can  not 
be  given  here  but  we  arrive  at  an  analogue  of  their  Eq.  (2,48) 
which  for  us  takes  the  form: 

^(s)  «  2qeX,NLY}.Kf  sin(27r/ps/c-f-  <?^p) 

V 

♦exp(-7r/ps/Qp)  (« >  0)  .  (2) 

As  compared  to  Bane  and  Gluckstem,  our  equation  includes 
small  manifold-induced  corrections  to  the  parameters,  the  small 
phase  shifts  (j)p ,  and  of  course  the  damping  terms.  We  have  omit¬ 
ted  a  branch  cut  integral  which  corrects  the  behavior  as  s  goes 
to  zero,  becomes  the  dominant  term  for  values  of  s  much  larger 
than  those  of  interest,  but  is  believed  to  be  negligible  at  s  values 
of  interest. 

We  have  compared  the  “exact”  wakefield  envelope  function 
obtained  using  the  iterative  procedure  with  that  obtained  from 
perturbation  theory,  for  a  DDS  with  a  single  manifold  mode  hav¬ 
ing  a  12  GHz  cutoff  frequency  and  as  large  a  coupling  parameter 
as  we  are  likely  to  use.  The  difference  between  the  iterative  and 
perturbative  solutions  is  very  small,  and  the  coupling  is  strong 
enough  to  produce  very  satisfactory  damping  (see  Ref.  [2]).  The 
Q  values  are  about  1000.  The  shunt  impedance  degradation  due 
to  the  manifolds  is  less  than  3%  over  the  first  2/3  of  the  cells  and 
rises  to  a  maximum  of  about  5%  at  the  end  of  the  structure. 

III.  The  damped  detuned  structure  design 

The  manifold  geometry  discussed  in  references  [1]  and  [2]  is 
shown  in  midcell  cross  section  in  Fig,  2a.  It  has  five  propagating 
modes  within  the  lower  dipole  band,  the  upper  four  of  which  con¬ 
tribute  significantly  to  the  damping.  Because  each  of  the  mani¬ 
fold  modes  has  its  own  dispersion  characteristic,  each  of  them 
couples  to  a  particular  cavity  mode  at  a  different  cell.  This  is 
a  desirable  feature  for  strong  coupling  because  distributing  the 
damping  along  a  cavity  mode  reduces  the  chance  that  its  pattern 
will  distort  so  that  it  decouples  itself.  As  discussed  above,  how¬ 
ever,  the  needed  coupling  is  not  strong  enough  to  produce  signif¬ 
icant  distortion  even  in  the  single  mode  case.  Thus  while  calcu¬ 
lations  showed  that  the  multimode  manifold  yielded  very  satis¬ 
factory  damping  with  little  shunt  impedance  degradation,  it  was 
decided  to  proceed  with  a  single  mode  manifold  design. 

Cross  sections  of  a  typical  element  of  the  new  structure  taken 
at  the  center  of  a  cell  and  at  the  center  of  the  coupling  iris  are 
shown  in  Figs.  2b  and  2c,  and  a  3D  view  is  shown  in  Fig.  2d.  The 
new  structure  is  seen  to  be  both  simpler  and  more  compact  than 
the  multi  manifold  mode  structure.  MAFIA  calculations  show 
that  the  propagating  manifold  mode  has  a  strong  TEio  charac¬ 
ter.  It  has  significant  coupling  only  with  the  TE  component  of 
the  dipole  modes .  We  recall  that  the  dipole  modes  are  hybrid  TE- 
TM  modes,  and  that  for  the  lower  dipole  mode  the  TE  character 
is  dominant  at  low  phase  advance,  while  the  TM  character  domi¬ 
nates  at  large  phase  advance[4].  It  is  therefore  necessary  that  the 
phase  velocity  match  between  the  dipole  mode  and  the  manifold 
mode  occur  at  low  phase  advance.  We  satisfy  this  requirement 
by  adiabatically  tapering  the  properties  of  the  manifold  so  that 
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the  effective  cutoff  frequency  of  the  manifold  mode  increases 
as  one  proceeds  down  the  structure.  Hence  at  any  specified  fre¬ 
quency  the  phase  velocity  of  the  manifold  mode  increases  as  one 
proceeds  along  the  structure.  Thus  for  the  new  structure  the  con¬ 
cept  of  local  phase  velocity  applies  both  to  the  cavity  mode  and 
the  manifold  mode,  and  the  coupling  between  the  two  occurs 
where  these  match. 

We  note  that  the  manifold  structure  shown  in  Figs.  2b  and  2c 
bears  little  resemblence  to  a  waveguide,  since  5/6  of  one  of  the 
narrow  walls  is  removed  for  coupling  to  the  accelerator  cells.  If, 
however  one  examines  the  mode  spectrum  and  mode  patterns  in 
a  zero  phase  advance  MAFIA  calclation,  one  observes  a  mode 
with  a  strong  TEio  character  well  localized  in  the  manifold,  and 
we  take  its  frequency  as  the  manifold  cutoff  frequency.  Further¬ 
more  the  dependence  of  frequency  on  phase  advance  is,  for  small 
phase  advance,  quite  similar  to  that  of  a  waveguide  with  the  cut¬ 
off  frequency  as  defined  above.  The  behavior  in  the  vicinity  of  an 
avoided  crossing  is  also  very  similar  to  the  case  of  simple  waveg¬ 
uide  coupling  and  we  have  used  the  same  methodology  to  deter¬ 
mine  the  coupling  strength  to  the  manifold. 

The  general  features  of  our  initial  design  proposal,  based  upon 
the  approach  described  above,  are  as  follows:  The  thickness  and 
beam  hole  dimensions  of  the  coupling  irises  are  taken  to  be  the 
same  as  for  the  detuned  structure  already  built  and  tested.  The 
outer  diameter  of  the  cell  slots  (Li)  varies  from  2  to  1.5  inches, 
and  their  width  is  constant  at  0. 1968  inches.  The  slots  in  the  cou¬ 
pling  iris  coincide  with  those  of  the  smaller  adjacent  cell  along 
width  and  outer  circumference,  while  the  inner  diameter  (L2) 
varies  from  1 .2  to  .7 1  inches.  Over  the  last  third  of  the  structure 
L2  is  less  than  the  outer  diameter  of  the  associated  cells.  The  cut¬ 
off  frequency  increases  with  decreasing  (Li  —L2)  and  also  with 
decreasing  Li.  Over  the  entire  structure  it  ranges  from  12.1  to 
14.0  GHz.  The  avoided  crossing  occurs  at  phase  advance  vary¬ 
ing  from  25  degrees  to  82  degrees.  As  this  phase  advance  in¬ 
creases,  the  cell  to  manifold  coupling  decreases.  The  decrease 
in  L2  has  the  opposite  effect  and  was  introduced  to  maintain  the 
coupling  strength.  This  remedy  has  the  undesirable  effect  of  de¬ 
creasing  the  shunt  impedence  of  the  accelerating  mode,  so  that 
it  must  be  applied  with  circumspection.  We  note  that  there  are 
a  few  modes  for  which  the  manifold  is  cutoff,  and  a  substantial 
number  for  which  it  is  cutoff  at  one  end.  The  latter  are  presum¬ 
ably  damped  in  an  irregular  manner  due  to  the  reflection  from  the 
cutoff  end.  None  of  the  modes  so  affected  intersect  the  light  line 
so  that  their  loss  factor  and  their  effect  on  the  wakefield  envelope 
function  are  expected  to  be  small. 

Once  the  manifold  dimensions  are  fixed  one  must  face  the  del¬ 
icate  task  of  determining  the  outer  cell  diameters  (2b)  so  as  to 
obtain  an  accurately  tuned  accelerating  mode.  This  dimension 
has  been  accurately  determined  using  a  two  dimensinal  finite  el¬ 
ement  program[5]  for  the  detuned  structure  without  manifolds. 
The  dimensions  obtained  in  this  way  are  sufficiently  accurate  to 
permit  construction  with  accurately  machined  parts  without  re¬ 
quiring  subsequent  hand  tuning.  The  three  dimensional  structure 
with  the  manifolds  is  a  more  difficult  computational  challenge. 
We  have  used  a  MAFIA  based  method  which  aims  at  computing 
the  difference  in  the  cell  diameter  with  and  without  slots.  This 
difference,  which  ranges  from  approximately  20  to  30  mils,  is 
then  used  to  correct  the  previously  determined  accurate  cell  di¬ 


ameter.  A  fine  triangular  mesh  which  accurately  traces  circles 
of  constant  radius  r  has  been  used.  The  computed  radii  are  be¬ 
lieved  to  be  correct  to  within  0.1  mils,  and  the  frequencies  are 
expected  to  lie  within  3  MHz  of  the  design  value  (11.424  GHz). 
This  would  be  close  enough  to  allow  hand  tuning.  As  a  check  on 
our  numerical  methods  and  our  evaluation  of  coupling  parame¬ 
ters  six  samples  each  of  cells  number  10, 70, 106, 156,  and  196 
are  being  fabricated  for  cold  testing. 

Our  estimate  of  the  wakefield  damping  which  the  new  struc¬ 
ture  will  exhibit  is  based  solely  upon  the  rather  crude  modeling 
of  [2].  It  does  not  take  account  of  the  departure  of  the  mani¬ 
fold  from  a  simple  waveguide,  and  the  effect  of  the  tapering  on 
the  modes  which  require  damping  has  been  inferred  from  the 
adiabatic  principle  without  any  explicit  calculation.  We  have 
planned  a  theoretical  program  which  deals  with  both  of  these  de¬ 
ficiencies.  Also  we  recognize  that  the  specification  that  the  man¬ 
ifolds  be  terminated  by  matched  loads  in  their  propagation  range 
may  be  difficult  to  realize  in  practice.  Some  theoretical  effort 
will  be  devoted  to  the  design  of  load  structures,  and  the  possibil¬ 
ity  of  distributed  loading  along  the  manifold  with  lossy  materials 
will  be  explored. 
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The  PLS  2-GeV  electron  linac  at  the  Pohang  Accelerator 
Laboratory  (PAL)  has  been  constructed  as  a  full  energy  injector  to 
the  storage  ring  of  the  Pohang  Light  Source  (PLS)  project.  The 
150-m  long  linac  uses  11  klystrons  of  80-MW  maximum  output 
power  driven  by  200-MW  modulators.  There  are  42  constant 
gradient  acceleration  sections  and  6  quadrupole  triplets.  By 
December  10, 1993,  we  completed  the  linac  installation  with  the 
beam  analyzing  station  and  the  beam  transport  line  to  the  beam 
dump  of  30<m  long.  We  completed  the  machine  commissioning  by 
June  30, 1994.  Since  September  1, 1994,  it  provides  2-GeV  beams 
to  the  PLS  storage  ring  for  its  commissioning,  which  is  also 
completed  by  December  24, 1994  with  300-mA  stored  current.  In 
this  paper,  we  present  the  operational  experience  of  the  PLS  2- 
GeV  linac. 

L  INTRODUCTION 

The  Pohang  Accelerator  Laboratory  (PAL)  has  recently 
completed  the  2-GeV  synchrotron  radiation  source  named  the 
Pohang  Light  Source  (PLS).  The  PLS  will  serve  as  a  low- 
emittance  light  source  for  various  research  such  as  basic  science, 
applied  science,  and  industrial  and  medical  applications.  There  is 
a  2-GeV  linear  accelerator  as  a  full  energy  injector  to  the  storage 
ring.  This  linac  is  consisted  of  eleven  klystrons  and  modulators, 
and  ten  SLAC-type  pulse  compressors  on  the  ground  floor  and  42 
accelerating  colunms,  six  quadrupole  triplets,  and  various 
components  in  the  tunnel  which  is  placed  6-m  below  the  ground 
level. 

Installation  work  started  on  July  1, 1992  has  been  completed 
by  December  10, 1993.  This  includes  the  first  section  of  the  beam 
transport  line  (BTL)  to  the  beam  dumps  and  the  beam  analyzing 
station  #3  (BAS3)  in  order  to  measure  the  beam  energy  and  the 
other  physical  parameters. 

The  commissioning  started  on  January  7, 1994.  On  March  9, 
1994,  we  achieved  the  L5-GeV  beam  without  using  SLEDs. 
Exactly  two  month  later,  the  2-GeV  beam  was  obtained,  and  it  was 
declared  that  the  2-GeV  linac  commissioning  was  successfully 
completed  [1]. 

During  the  summer  maintenance  period,  the  remaining  BTL 
work  was  completed.  From  September  1 , 1994,  the  beam  injection 
to  the  storage  ring  (SR)  was  started.  On  the  first  day,  the  beam 
arrived  in  front  of  the  Lambertson  septum  magnet  in  the  storage 
ring.  During  the  commissioning  period  for  the  storage  ring,  the 
linac  provides  about  600  mA  of  beams  continuously.  At  present, 
we  are  operating  the  2-GeV  linac  24  hours  a  day  from  Monday 
morning  to  Friday  morning  with  two  shift  teams  per  day. 


*  Work  supported  by  Pohang  Iron  &  Steel  Co.  and 
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IL  GENERAL  DESCRIPTION 

The  nominal  beam  energy  of  the  PLS  linac  is  2-GeV  with  the 
operating  frequency  of  2,856  MHz.  There  are  42  SLAC-type 
accelerating  columns  and  11  klystrons  including  those  for  the 
preinjector.  Total  length  of  the  linac  is  150-m  long  with  an  extra 
length  of  15  m  before  the  switching  magnet.  Therefore,  the 
required  accelerating  gradient  of  the  main  linac  is  at  least  15.8 
MV/m.  When  we  consider  one  or  two  klystrons  as  standby,  it 
requires  an  accelerating  gradient  of  17.8  and  19.8  MV/m, 
respectively.  In  order  to  achieve  this  accelerating  gradient,  we 
adopted  high-power  klystrons  of  80-MW  and  SLED-type  pulse 
compressors.  In  addition,  we  required  the  RF  pulse  length  at  least 
4  |xs  for  a  higher  energy  gain  factor  from  SLED  cavities.  Major 
parameters  for  the  PLS  linac  are  summarized  in  Table  1. 


Table  1:  Major  parameters  of  PLS  2-GeV  Linac 


_  — _ -tt - *  — 

Beam  Energy 

2GeV 

Accelerating  Gradient 

15.5  MV/m  (min.) 

Energy  Spread 

+/-  0.3%  or  less 

Machine  Length 

150  m 

RF  Frequency 

2,856  MHz _ 

Repetition  Rate 

60  Hz  (max.) 

E-gun 

>2A/ 1,2,  or  40  ns 

Emittance  (theory) 

75  n  nm-rad  at  2-GeV 

Klystron  Output  Power 

80  MW  max. 

No.  of  Klystrons 

11  (=1+10) 

No.  of  Pulse  Compressors 

10 

No.  of  Accelerating  Columns 

42  (=2+40) 

No.  of  Quadrupole  Triplets 

6 

No.  of  Support/Girder 

22 

Beam  Exit 

100  MeV,  1  GeV,  2  GeV 

The  linac  building  has  three  levels;  the  tunnel  in  6-m  below  the 
ground  floor  for  accelerating  columns  and  other  components,  the 
ground  floor  for  the  klystron  gallery,  and  upper  floor  for  utilities 
including  air-conditioning  and  air  handling  units.  The  air 
teir^)erature  and  the  humidity  of  the  klystron  galley  are  maintained 
within  the  range  of 23  -  25°C  and  55%  or  less  throughout  the  year, 
respectively.  During  the  machine  operation,  there  is  no  air 
exchange  in  the  tunnel  to  avoid  any  contamination  due  to  ozone  or 
radioactive  dust  in  the  klystron  gallery.  There  is  3-m  thick 
concrete  shielding  between  the  tunnel  ceiling  and  the  klystron 
gallery.  There  are  three  beam  switch  yards  at  100-MeV,  1-GeV, 
and  2-GeV  locations  for  the  beam  extraction  to  other  facilities. 
Currently,  two  locations  at  100-MeV  and  2-GeV  are  operational. 
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Fig.  1:  Beam  current  and  the  injection  efficiency  during  the  period  of  October  -  December,  1994. 


Main  and  auxiliary  cooling  stations  are  also  annexed  in  the 
linac  building.  Both  stations  supply  cooling  water  of  temperature 
controlled  at  45+/-  0.2°C  and  non-controlled  at  32  +/-  TC.  The 
auxiliary  station  had  been  used  for  the  preinjector  initially  and  is 
now  serving  the  test  laboratory.  The  linac  substation  contains 
various  transformers  of  total  8-MVA  with  three  different 
groundings. 

III.  NORMAL  OPERATION 

A.  First  Period:  August  1994 

After  successful  commissioning  of  the  linac  completed  by  the 
end  of  June,  1994,  we  had  an  annual  preventive  maintenance 
period.  We  had  intensive  maintenance  work  for  the  main  cooling 
system.  We  also  improved  the  preinjector  cooling  and  vacuum 
systems  which  had  been  constructed  for  training  our  staff  in  1992. 
We  removed  all  the  vacuum  manifold  system  and  installed 
distributed  punning  system  the  same  as  regular  sections.  Other  two 
module  had  experienced  vacuum  vents  for  visual  inspections.  On 
the  other  hand,  we  opened  the  beam  tunnel  so  that  the  staff  could 
complete  the  remaining  installation  work  for  the  BTL  to  the  storage 
ring.  When  we  resumed  the  RF  conditioning,  it  had  taken  about 
two  weeks  to  recover  the  stable  operation  condition  One  notes  that 
it  was  a  special  case,  because  the  vacuum  system  of  the  preinjector 
was  replaced  completely.  Through  the  machine  operation  on 
August  17  and  18,  we  were  able  to  obtain  beams  of  2.23  GeV  with 
a  total  RF  power  of  600  MW.  The  accelerating  efficiency  with  a 
given  RF  power  is  improved  due  mainly  to  the  fine  adjustment  of 
the  RF  ph^e  by  the  cmqjuter  control.  During  this  period,  the  linac 
was  operated  with  self-generated  trigger  signals  of  30  Hz. 

B.  Second  Period:  September  to  December,  1995 

Just  before  the  commissioning  of  the  storage  ring  started,  we 


changed  the  triggers  for  the  e-gun,  the  modulators,  and  other 
microwave  related  equipment  from  self- generated  signals  to  signals 
synchronized  with  the  RF  system  of  the  storage  ring.  Since  the  SR 
injection  system  is  operated  at  10  Hz,  we  reduce  the  e-gun  trigger 
to  the  same  repetition  rate.  However,  we  keep  the  modulator 
operation  at  30  Hz  in  order  to  have  stable  operations.  Currently, 
the  e-gun  and  the  driving  RF  source  such  as  the  solid  state 
an^lifier  are  operated  at  10  Hz  while  all  modulators  are  operated 
at  30  Hz. 

Before  the  beam  injection  to  the  storage  ring,  the  BTL 
commissioning  took  place  on  September  1, 1994.  We  sent  the  2- 
GeV  beam  successfully  to  the  SR  injection  point  within  2  hours. 
From  the  following  day,  we  supplied  1 .4-GeV  beams  to  the  storage 
ring  for  the  storage  ring  commissioning.  The  reason  to  reduce  the 
beam  energy  to  1 .4  GeV  was  that  the  injection  kicker  could  provide 
a  fill!  aperture  kick  at  that  energy.  For  2-GeV  beam  injection,  the 
storage  ring  uses  correctors  imbedded  at  nearby  bending  magnets 
to  obtain  an  extra-kick.  The  first  circulation  of  the  beam  at  the 
storage  ring  was  made  on  September  8,  1994,  and  the  beam  was 
stored  for  the  first  time  on  September  13,  1994.  The  history  of 
linac  operations  are  summarized  in  Fig.  1  during  October  - 
December  period.  It  shows  clearly  that  the  beam  current  from  the 
linac  increased  as  we  achieved  experiences  for  the  linac  operation. 
The  stored  beam  and  the  injection  efficiency  were  also  increased 
drastically.  The  beam  energy  was  changed  from  1 .4  GeV  to  2  GeV 
on  October  24,  1994.  During  the  brief  shutdown  period  in  the 
beginning  of  November  for  the  storage  ring  maintenance,  we 
operated  the  linac  to  achieve  maximum  possible  beam  energy 
which  was  2.34  GeV  on  November  7,  1994.  It  is  still  the  best 
energy  we  have  obtained.  There  was  another  brief  shutdown  due 
to  the  conpletion  ceremony  which  held  on  December  7, 1994.  The 
commissioning  was  resumed  from  December  1 1 ,  and  we  achieved 
the  maximum  stored  beam  current  of  300  mA  on  December  24, 
1994.  On  the  same  day,  we  declared  the  completion  of  the  SR 
commissioning. 
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C:  Third  Period:  January  to  April,  1995 

The  first  three  months  of  1995  was  allocated  to  replace  various 
diagnostic  instruments  installed  temporarily.  And  the  intensive 
work  for  the  vacuum  cleaning  and  survey/alignments  in  the  storage 
ring  were  also  performed.  During  this  period,  we  replaced  the  e- 
gun  pulser  system  which  could  provide  2  ns  pulse  only.  The  new 
pulser  system  can  provide  1, 2,  or  40  ns  pulsed  beams.  About  40 
%  of  the  electron  beams  generated  from  the  e-gun  is  delivered  to 
the  storage  ring.  In  February  and  March,  we  trained  all  the  linac 
division  members  as  machine  operators. 

Normal  operation  for  the  linac  started  from  April  1, 1995.  At 
present,  we  operate  the  linac  24  hours  a  day  from  Monday  morning 
to  Friday  morning.  A  team  of  two-member  serves  a  operation  shift 
and  there  are  two  shift  teams  per  day. 

Up  to  now,  we  have  no  significant  failures  in  the  linac 
operations.  The  operation  hours  for  eleven  klystrons  are  over 
120,000  hours  as  shown  in  Hg.  2.  As  of  the  end  of  April  1995,  the 
cumulative  beam  operation  time  for  the  linac  is  about  1,100  hours. 

V.  FUTURE  PLAN  AND  SUMMARY 

The  PLS  project  is  the  first  attempt  in  Korea  for  constmcting 
a  major  accelerator  facility.  In  addition,  the  2-GeV  injector  linac 
is  the  third  largest  electron  linac  in  the  world.  The  prime  mission 
for  providing  beams  to  the  storage  ring  requires  a  few  minutes  for 
each  injection,  and  ultimately,  it  will  happen  once  or  twice  in  a  day. 
Therefore,  we  planned  to  use  electron  beams  of  various  energies  to 
promote  other  branches  of  basic  and  applied  sciences. 

First,  we  propose  to  add  a  "pulse  stretcher"  ring  for  nuclear 
physics  experiments  in  the  other  side  of  the  storage  ring  where 
there  is  enough  space  already  prepared  [2].  Secondly,  there  is  a 
plan  to  build  a  compact  storage  ring  for  commercial  use  by 
Samsung  Heavy  Industries  [3].  The  PAL  will  help  to  design  an 
injector  linac  and  a  contact  ring,  and  our  experiences  will  be  great 


help  for  them  to  construct  the  compact  ring. 

The  PLS  2-GeV  linac  has  been  successfully  conunissioned  in 
June  1994  as  scheduled,  and  its  performance  exceeds  the  design 
values.  We  have  demonstrated  that  it  is  a  viable  option  as  a  full 
energy  injector  to  the  storage  rings  up  to  this  energy  in  the 
construction  cost.  Through  the  PLS  project,  we  have  established 
a  technology  base  for  particle  accelerators  and  trained  young 
scientists  and  engineers  in  Korea.  We  are  mostly  benefited  from 
exchanges  of  personnel  and  information  with  other  established 
laboratories  through  institutional  collaborations.  We  expect  to  use 
our  experiences  for  advanced  accelerator  R&D  programs  and  for 
new  projects. 
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Abstract 

The  injector  and  source  of  particles  for  the  Advanced 
Photon  Source  is  a  2856-MHz,  S-band,  electron-positron 
linear  accelerator  (linac)  [1].  It  produces  electrons  with  energies 
up  to  650  MeV  or  positrons  with  energies  up  to  450  MeV. 
Radiation  measurements  were  made  during  normal  electron  and 
positron  operation,  as  well  as  during  several  beam  loss 
scenarios.  Neutron  and  gamma  measurements  made  outside  the 
shielding  walls  during  normal  operation  are  within  DOE 
guidelines.  Measured  radiation  fields  are  compared  to  predicted 
levels  for  different  conditions. 

L  INTRODUCTION 

The  design  goal  of  the  APS  electron  linac  is  to  accelerate 
1.7  A  of  electrons  in  30-nsec-long  pulses  to  an  energy  of  at 
least  200  MeV  at  a  rate  of  48  pps.  The  electrons  are  then 
focused  to  a  3-mm-diameter  spot  on  the  tungsten  target  that 
serves  as  a  positron  converter.  To  date,  1.4  A  of  electrons  have 
been  accelerated  to  225  MeV  at  a  30-Hz  rate,  and  focused  to  a 
~  5-mm-diameter  spot  on  the  target. 

The  linac  is  housed  inside  a  concrete-shielded  enclosure 
that  protects  personnel  in  nearby  areas,  including  the  adjacait 
klystron  gallery,  firom  radiation  during  linac  operation.  The 
linac  shielded  enclosure  is  constructed  of  concrete  that  is  2  m 
thick  along  the  entire  length  between  the  linac  and  the  klystron 
gallery.  The  shield  is  modified  in  the  vicinity  of  the  positron 
target,  where  0.4-m-thick  steel  plates  are  embedded  within  1.6- 
m-thick  concrete  to  further  reduce  photon  radiation  levels  in 
the  klystron  gallery.  Calculated  unshielded  x-ray  dose  rates 
inside  the  linac  tunnel  1  m  downstream  of  the  positron  target 
are  as  high  as  7  x  10^  mrem/hr  [2,3].  Unshielded  neutron  dose 
rates  are  on  the  order  of  10^  mrem/hr. 

Measurements  of  radiation  from  the  target  were  made  in 
normally  occupied  areas  of  the  klystron  gallery  using  gamma 
and  neutron  instruments.  The  measured  data  are  compared  to 
computations  of  the  estimated  radiation  leakage  at  the  nominal 
and  the  maximum  (safety  envelope)  operating  power.  The 
rationale  for  defining  the  safety  envelope  in  terms  of  beam 
power  is  that  within  the  APS  linac's  energy  range,  production 
yields  of  secondary  radiation  including  positrons,  neutrons,  axi 
gamma  rays  are  proportional  to  the  beam  power. 
Measurements  during  some  types  of  beam  missteering 
incidents  were  performed  at  low  power.  In  addition,  the 
radiation  leakage  fields  at  shield-wall  penetrations  for 
waveguide,  cable  tray,  and  pipe  passages  were  measured. 
Additional  shielding  was  added  where  necessary. 


II.  MEASUREMENTS 

A  Victoreen  450P  ion  chamber  survey  meter  [4]  was  used 
for  the  gamma  measurements.  TTie  pulse  response  of  this 
meter  was  checked  by  measurements  made  at  the  Argonne 
National  Laboratory  (ANL)  21-MeV  electron  linac.  Neutron 
measurements  were  made  with  an  Andersson-Braun  type 
moderator  and  a  tube,  supplied  by  Nuclear  Research 
Corporation  [5].  The  response  of  this  instrument  to  pulsed 
fields  was  also  checked  at  the  ANL  linac.  Although  this  device 
begins  to  show  saturation  at  1  |irem/pulse,  it  is  adequate  for 
these  30-Hz  measurements. 

Measurements  were  made  every  1  m  along  the  entire 
length  of  the  klystron  gallery,  along  a  line  offset  6  m  from  the 
beamline,  as  shown  in  Figure  1 .  This  line  represents  the 
closest  distance  to  the  beamline  in  normally  occupied  regions 
of  the  gallery.  In  order  to  separate  radiation  caused  by  the  target 
from  possible  contributions  from  the  klystron  waveguides  and 
optical  arc-  detector  ports,  the  measurements  were  made  in  two 
steps.  First,  radiation  fields  were  measured  with  both  the  beam 
and  the  rf  on,  under  conditions  that  resulted  in  225  W  of  beam 
power  on  the  target.  The  beam  was  then  stopped  by  turning  off 
the  electron  gun,  but  the  rf  power  was  left  on.  The  radiation 
measurements  were  then  repeated.  The  difference  between  the 
two  sets  of  measurements  represents  the  contribution  from  the 
target,  and  is  shown  in  Figure  2. 

Because  of  the  low  levels  of  leakage  radiation  fi:om  the 
target,  the  data  are  somewhat  sensitive  to  x-ray  interference 
from  the  klystron  waveguides.  The  small  negative  values  in 
the  difference  plot  in  Figure  2  are  the  result  of  such 
interference.  The  dose  rates  shown  in  Figure  2  are  photon 
radiation  dose  rates,  since  neutron  levels  are  still  below  the 
10  |irem/hr  detection  limit  of  the  instrument.  Additional  lead 
shielding  is  being  installed  to  mitigate  localized  x-ray  radiation 
from  the  klystron  waveguides. 

Measurements  of  radiation  fields  during  missteerings  to 
simulate  accident  conditions  have  not  yet  produced  any 
readings  that  can  becompared  with  predicted  values  for  the 
postulated  maximum  credible  incident  (MCI). 

Measurements  inside  the  penetrations  have  shown  photon 
levels  in  the  few  mrem/hr  range  and  neutron  levels  in  the 
tenths  of  mrem/hr  range,  except  for  the  penetration  nearest  the 
target.  The  higher  radiation  levels  measured  at  that  penetration 
have  been  mitigated  by  the  addition  of  lead  and  polyethylene 
shielding. 


*  Work  supported  by  the  U,  S.  Department  of  Energy,  Office  of  Basic  Sciences  under  the  Contract  W-31-109-ENG-38. 
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Figure  2:  Measured  radiation  field  in  the  klystron  gallery  as  a 
result  of  225  W  of  beam  power  on  the  target.  The  difference 
between  the  "Beam  On"  field  and  the  "Beam  Off  field  is 
plotted. 

III.  CALCULATION 

The  predicted  total  leakage  radiation  levels  from  the  target 
[6]  for  nominal  480-W  operation  and  operation  at  the  safety 
envelope  (1000  W)  are  shown  in  Figure  3. 


Figure  1 :  Radiation  measurements  were  made  in  the  klystron  3. 

gallery  along  a  line  offset  6  m  from  the  beamline.  comparable  to  those  in  Figure  2.  The  lower  curve  is 

at  the  nominal  operating  power  of  480  W,  and  the  upper  curve 
is  at  the  safety  envelope  power  level  of  1  kW. 
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The  maximum  predicted  dose  rate  values  are  0.21  mrem/hr  and  [4]  Victoreen,  Inc.,  10101  Woodland  Ave.,  Cleveland.  OH. 

0.5  mrem/hr,  respectively.  Calculations  for  the  brems-  [5]  NRC  Industries,  125  Titus  Ave.,  Warrington,  PA. 

strahlung  dose  distribution  with  angle  are  based  upon  the  semi-  [6]  H.  J.  Moe,  unpublished  document, 
empirical  formula  of  Swanson  [7].  The  neutron  yield  and  [7]  W.  P.  Swanson,  et  al.,  Aladdin  Upgrade  Design  Study: 
neutron  angular  distributions  are  based  on  the  calculations  of  Shielding. 

Gabriel  and  Alsmiller  [8].  Neutron  fluence-to-dose  conversion  [8]  T.  A.  Gabriel  and  R.  G.  Alsmiller,  Jr.,  'Thotoneutron  and 
constants  were  obtained  from  ICRP  Publication  51  [9].  Self-  Photopion  Production  from  High-Energy  (50  to  400 

shielding  provided  by  the  accelerating  structures  and  magnets  MeV)  Electrons  in  Thick  Copper  Targets,"  ORNL-4443, 

was  not  taken  into  account  in  these  calculations.  The  peak  1969. 

dose  rate  occurs  at  a  point  adjacent  to  the  target.  The  small  [9]  "Data  for  Use  in  Protection  Against  External  Radiation," 


structure  in  the  calculated  curve  reflects  the  change  in  total 
shielding  ability  between  that  portion  of  the  linac  shield  wall 
that  is  constructed  only  of  concrete  and  the  portion  with 
additional  steel  embedded  in  the  concrete. 

IV.  RESULTS 

Comparing  the  predicted  peak  total  dose  rate  of 
0.21  mrem/hr  for  480- W  operation  from  Figure  3  to  the 
measured  peak  total  dose  rate  of  0.033  mrem/hr  from  Figure  2 
and  normalizing  to  the  same  operating  power  as  in  Figure  3, 

0  21 

indicates  a  ratio  of  - ~  3.  Using  the  peak 

0.033  X  480/225  ^  ^ 

value  at  the  safety  envelope,  the  ratio  would  become 
0.5 

— — — =  3.4.  This  result  indicates  that  the  DOE 
0.033  X 1000/225 

design  criterion  for  new  facilities  that  requires  dose  rates 
outside  of  shielded  areas  to  be  less  than  0.25  mrem/hr  would 
be  met,  even  at  the  safety  envelope,  with  no  additional 
mitigation.  That  the  detailed  structure  predicted  by  the 
calculation  was  not  measured  can  be  attributed  to  masking 
effects  by  interference  from  the  x-ray  radiation  from  the 
klystron  waveguides. 

V.  CONCLUSION 

The  results  obtained  in  this  study  indicate  that  the  linac 
shielding  is  adequate  for  operation  up  to  the  safety  envelope 
and  is  in  compliance  with  DOE  guidelines.  Beam  power  has 
been  limited  thus  far  by  equipment  conditioning,  and 
measurements  will  be  made  at  higher  power  levels  as  soon  as 
possible.  At  the  higher  levels,  the  neutron  radiation  may  make 
a  contribution.  Beam  missteering  tests  at  higher  power  might 
possibly  also  give  dose  rate  data  that  can  be  extrapolated  to  the 
MCI  conditions.  At  the  low  dose  rates  seen  in  these 
measurements,  great  care  must  be  taken  to  exclude  extraneous 
radiation  fields  in  order  to  obtain  representative  results. 
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Abstract 

Positrons  are  created  by  a  bremsstrahlung  shower  process, 
and  are  therefore  produced  with  broad  divergence  and  a  large 
energy  spread.  The  e^l  e~  conversion  ratio  is  on  the  order  of 
1/200,  so  the  positron  focusing  system  is  critical  to  ensure 
good  positron  capture  and  transport  efficiency.  The  positron 
focusing  system  is  described,  and  functions  of  the  different 
magnetic  elements  are  discussed.  Some  improvements  to  the 
focusing  system  are  suggested,  although  the  linac’s  design 
positron  intensity  of  8  mA  has  already  been  achieved  [1]. 

1.  INTRODUCTION 

Positrons  are  used  in  the  APS  storage  ring  in  order  to 
avoid  ion  trapping.  Electrons  are  accelerated  to  200  MeV  in  the 
electron  linac,  and  focused  to  a  3-mm  to  5-mm-diameter  spot 
on  a  2-radiation-length-thick  tungsten  target.  The  energy 
spectrum  of  positrons  emerging  from  the  target  is  shown  in 
Figure  1 .  The  pair-produced  positrons  (and  electrons)  are  then 
accelerated  to  450  MeV  by  the  remakder  of  the  linac. 
Positrons  are  produced  with  divergent  angles,  a  broad  energy 
spectrum,  and  with  a  much  larger  emittance  than  that  of  the 
initial  electron  beam;  thus  the  positron  linac  focusing  system 
is  different  from  the  electron  linac  focusing  system.  A  short 
pulsed  solenoid  serves  as  first  part  of  the  focusing  system  for 
the  low  energy  positron  beam,  followed  by  6  m  of  DC 
solenoids.  Quadrupole  magnets  focus  the  positrons  as  they 
gain  energy  and  contain  them  through  the  remainder  of  the 
linac. 

IL  SOLENOID  FOCUSING 

A  5-cm-long  pulsed  solenoidal  coil  is  the  first  focusing 
element  in  the  positron  linac.  The  coil  has  an  inner  diameter  of 
25  mm  and  operates  at  its  design  peak  current  of  5000  A.  It  is 
fabricated  from  a  single  piece  of  water-cooled  copper  tubing 
that  is  wound  around  the  inside  and  the  outside  of  a  cylindrical 
piece  of  ceramic.  There  are  a  total  of  16  turns.  The  tube  rests 
in  grooves  machined  into  the  inside  and  outside  of  the  ceramic. 
The  ceramic  support  is  located  between  the  two  coil  layers  to 
provide  mechanical  stability.  A  prototype  made  with 
machinable  ceramic  was  used  in  the  first  tests,  but  the  ceramic 
did  not  withstand  the  high  radiation  fields  and  was  replaced 
with  99.5%  pure  ceramic  [2].  The  layout  of  the  pulsed  coil  and 
target  is  shown  in  Figure  2. 

The  pulsed  solenoid  coil  serves  as  a  quarter-wave 
transformer  (QWT)  for  the  beam’s  phase  space.  It  rotates  the 
initial  transverse  phase  space  from  a  small  radius  and  a  large 
slope  to  a  phase  space  with  a  larger  radius  and  a  smaller  slope. 


Figure  1:  Momentum  spectrum  of  positrons  from  the  target. 


The  DC  solenoidal  field  is  generated  by  two  2.5-m-long 
solenoid  magnets  with  a  0.2-m-long  solenoid  coil  between 
them  for  matching.  The  long  solenoids  have  784  turns  in  four 
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layers  with  integrated  steering  and  correction  coils.  The  emittance.  The  longitudinal  momentum  is  «100  MeV/c  aft^ 
maximum  axial  field  of  the  long  solenoids  at  1000  A  is  the  7-m-long  solenoid  region,  and  the  emittance  is  reduced  to 
0,36  T.  9*4  K  mm  mrad. 


The  acceptance,  A,  is  determined  by  the  field  in  the  long 
solenoids  and  the  aperture  of  the  accelerating  structure: 


(1) 


where  e  is  the  charge  of  the  particle,  Bi  is  the  longitudinal 
DC  field  in  the  solenoid,  and  ri  is  the  radius  of  the  aperture. 
The  minimum  radius  of  the  accelerating  structures  is  9  mm; 
therefore  the  acceptance  is  about  A  =  0.37rMeV/c  cm.  The 
maximum  transverse  momentum,  Pr,  that  can  be  captured 
from  the  target  is  determined  by 


Solenoids  are  used  to  focus  the  low  energy  positrons  in 
both  transverse  planes  simultaneously,  but  they  do  not  really 
reduce  the  radial  beam  size.  Perturbations  or  instabilities  can 
lead  to  beam  losses  in  a  long  solenoid  region,  because  the 
transverse  beam  size  is  the  same  as  the  accelerating  structure 
aperture.  The  actual  beam  size  just  downstream  of  the  DC 
solenoids  is  almost  the  size  of  the  aperture  when  observed  on  a 
fluorescent  screen.  The  transverse  beam  size  downstream  of  the 
target  must  be  decreased  as  early  as  possible  to  reduce  beam 
loss,  and  that  is  done  by  quadmpole  magnets.  Many  other 
positron  sources  use  quadrupoles  from  a  beam  energy  of  about 
50  MeV,  [5-7]  and  we  feel  that  a  shorter  solenoid  region  could 
improve  the  yield  here  as  well.  KEK  experienced  an 
increase  in  their  e"! e~  ratio  with  a  shorter  solenoid  in  their 


where  ri  is  the  beam-spot  radius  on  the  target.  With  a  1.5- 
mm-radius  beam  spot  on  target,  a  maximum  Pr  of  2  MeV/c 
is  accepted  into  the  accelerating  structure.  Equation  (2)  shows 
that  a  small  spot  size  on  the  target  is  an  advantage  since  more 
particles  with  higher  Pr  are  accepted. 

The  matching  condition  for  the  two  solenoids  is: 

B\  =  —  B2. 

n 

The  optimized  length  of  the  QWT  pulsed  solenoid  coil  [3]  is 
given  by 


P  2  is  8  MeV,  so  a  5-cm-long  pulsed  solenoid  coil  was  used. 
The  longitudinal  momentum  acceptance  of  the  QWT  is 

P  Bi  ’ 

where  C  is  a  geometric  constant  on  the  order  of  one.  Positrons 
with  longitudinal  momentum  8  ±  1 .6  MeV/c  are  captured  and 
accelerated.  Path  lengths  of  the  particles  in  the  QWT  depend  on 
Pr.  Differences  in  momenta  lead  to  bunch  lengthening  that 
eventually  limits  the  acceptance.  Ideally  B\  is  constant  and  the 
phase  difference  between  a  particle  of  zero  transverse 
momentum  and  transverse  momentum  Pr  is  given  by  [4] 


In  our  case  Xrf  =10.5  cm,  L  =  5  cm,  Pr-  2  MeV/c,  Pz~  ^ 
MeV/c,  and  the  phase  difference  is  A(p  =  5.5° . 

The  emittance  at  the  exit  of  a  long  solenoid  is  reduced,  and 
that  is  an  advantage  in  beam  transport.  The  accepted  beam 
emittance  at  the  surface  of  the  target  is  1. 5*240  TT mm  mrad. 
The  pulsed  solenoid  changes  the  emittance  at  the  entry  of  the 
long  solenoid  region  to  9  *40^  mm  mrad.  Subsequent 
acceleration  increases  the  beam  energy  and  reduces  its 


positron  linac  [7]. 

Both  positrons  and  electrons  are  captured  and  are 
accelerated  in  the  positron  linac,  as  this  linac  is  not  equii^)ed 
with  a  chicane  that  removes  the  electrons  at  low  energy. 
Optimizing  the  positron  beam  is  complicated  by  the  presence 
of  both  positive  and  negative  particles.  The  beam  position 
monitors  are  not  able  to  distinguish  the  sign  of  the  charge  and 
cannot  be  used  independently  to  steer  the  positrons.  However, 
six  fluorescent  screens  in  the  positron  linac  are  successfully 
used  in  combination  with  the  BPM  information. 

III.  QUADRUPOLE  FOCUSING 

Quadrupoles  that  focus  the  beam  and  reduce  its  radial  size 
are  the  next  part  of  the  positron  focusing  system.  The  radial 
beam  size  should  be  reduced  as  soon  as  practical  after  the  beam 
exits  the  solenoidal  field.  The  best  way  to  accomplish  that 
would  have  been  with  a  small-aperture  quadmpole  doublet  in 
the  0.5-m-long  drift  space  downstream  of  the  solenoids.  The 
38-mm-diameter  vacuum  pipe  in  the  drift  spaces  is  larger  than 
the  accelerating  stmcture  aperture,  and  a  doublet  in  that 
location  would  reduce  the  beam  size  to  the  extent  that  the 
downstream  quadrupoles  would  not  cause  further  beam  loss. 
Without  this  doublet,  the  transverse  beam  size  is  defocused  in 
one  plane  by  the  quadmpoles  and  easily  becomes  larger  than 
the  aperture  of  the  accelerating  structure. 

Twenty-three  152-mm-diameter,  300-mm-long  large- 
aperture  quadmpole  magnets  are  installed  over  the  accelerating 
structures  in  the  positron  linac.  A  single  large-2^rture 
quadmpole  that  is  only  150  mm  long  is  intended  to  match  the 
solenoidal  field  to  the  quadmpole  field  before  the  transverse 
beam  size  has  been  reduced  much.  This  focusing/defocusing 
action  probably  leads  to  some  beam  loss  in  our  case,  since  the 
first  quadmpole  occurs  where  the  beam  size  is  still  large.  The 
large  quadmpole  aperture  does  offer  flexibility  in  magnet 
placement  and  allows  us  to  use  most  of  our  drift  spaces  for 
diagnostics,  such  as  fluorescent  screens,  current  monitors,  and 
BPMs.  The  required  distance  between  the  quadmpoles  is 
determined  in  the  thin  lens  approximation  by  [5] 
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More  quadnipoles  are  required  at  the  low  energy  end  than 
at  high  energy,  so  the  quadrupole  spacing  on  the  first 
accelerating  structure  after  the  solenoids  is  short.  Large- 
aperture  quadrupoles  on  the  first  two  accelerating  structures 
after  the  solenoids  still  provide  a  reasonable  solution  for 
focusing  the  beam  without  the  use  of  short  accelerating 
structures. 

The  positron  linac  beam  envelope  was  calculated  for  the 
existing  focusing  system  using  TRANSPORT  [8]  and  is 
shown  in  Figure  3.  The  beam  loss  at  the  first  accelerating 
structure  after  the  solenoid  could  be  eliminated  by  adding  a 
doublet  of  small-aperture  quadrupoles  in  the  drift  space  after  the 
solenoid.  This  drift  space  is  only  500  mm  long,  so  magnets 
with  an  effective  length  of  0.1  m  and  a  gradient  of  1.0  T/m, 
similar  to  those  in  the  electron  linac,  would  be  used  and  could 
be  installed  without  major  disruption. 


Figure  3:  Calculated  positron  envelope  with  the  existing 
focusing  system. 

The  calculated  positron  linac  beam  envelope  with  a 
possible  modified  focusing  scheme  is  shown  in  Figure  4.  The 
additional  doublet  reduces  beam  losses  caused  by  the 
downstream  quadrupole  magnets  and  significantly  reduces  beam 
profile  expansion  in  the  first  drift  space  after  the  solenoid.  The 
38-mm-diameter  vacuum  pipe  in  the  drift  space  allows  the 
quadrupoles  to  function  without  causing  losses,  and  it  reduces 
the  transverse  beam  size  at  the  entrance  to  the  next  accelerating 
structure,  so  that  downstream  quadrupoles  do  not  cause  further 
beam  losses. 


Figure  4:  Calculated  positron  envelope  with  a  possible 
modified  focusing  system. 

IV.  CONCLUSION 


The  APS  linac  positron  focusing  system  is  adequate  to 
provide  the  design  positron  current;  however,  a  few  simple 
modifications  might  be  done  that  could  significantly  improve 
the  performance  and  make  the  positron  linac  much  easier  to 
optimize. 
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Abstract 

Measurements  of  the  APS  linac  micro-bunch  length  are  per¬ 
formed  by  backphasing  a  single  2856-MHz,  S-band  linac  waveg¬ 
uide  and  using  a  downstream  spectrometer  to  observe  the  beam. 
By  measuring  the  beam  width  in  the  dispersive  plane  as  a  func¬ 
tion  of  rf  power  into  the  linac  waveguide,  the  bunch  length  can  be 
determined  absolutely  provided  the  beam  energy  and  dispersion 
at  the  spectrometer  are  known.  The  bunch  length  determined  in 
this  fashion  is  used  to  calibrate  a  fifth-harmonic  bunch  length 
cavity  which  is  used  for  real-time  bunch  length  monitoring. 

L  INTRODUCTION 

Bunch  length  measurements  of  the  APS  linac  electron  beam 
are  required  in  order  to  evaluate  the  performance  of  the  low  en¬ 
ergy  bunching  process  of  the  beam  emitted  by  the  thermionic 
gun.  Bunching  of  the  100-keV  beam  is  performed  by  a  standing 
wave  cavity  and  drift  (the  prebuncher)  followed  by  a  5-cell  trav¬ 
eling  wave  cavity  (the  buncher)  where  each  cavity  operates  at  a 
frequency  of  2856  MHz.  After  the  buncher,  the  beam  is  acceler¬ 
ated  from  an  energy  of  1.4  MeV  to  50  MeV  by  the  first  3-m,  86- 
cell  accelerating  waveguide  operating  at  2856  MHz.  Four  down¬ 
stream  accelerating  waveguides  further  accelerate  the  beam  to 
220  MeV  at  the  positron  target.  After  the  target,  nine  accelerat¬ 
ing  waveguides  are  used  to  accelerate  the  positrons  to  450  MeV. 

The  electron  beam  consists  of  30-ns  macropulses  repeated  at  a 
2-Hz  rate.  Each  30-ns  macropulse  consists  of  86  micro-bunches 
after  the  bunching  process  is  completed  (essentially  after  the 
beam  passes  the  buncher).  The  micro-bunch  length  of  the  APS 
linac  electron  beam  (from  now  on  referred  to  as  the  bunch  length) 
has  been  measured  by  backphasing  a  single  accelerating  waveg¬ 
uide  and  observing  the  beam  after  a  downstream  spectrometer. 
The  accelerating  waveguide  is  phased  so  that  the  centroid  of 
each  micro-bunch  passes  through  it  when  the  electric  field  is  zero 
(zero  crossing).  Energy  spread  is  induced  in  the  micro-bunch  be¬ 
cause  at  zero  crossing,  depending  on  the  slope  of  the  rf  wave¬ 
form,  particles  obtain  more  or  less  energy  depending  on  their  lo¬ 
cation  within  the  micro-bunch.  The  induced  energy  spread  is  lin¬ 
early  related  to  the  bunch  length  for  bunches  that  are  short  com¬ 
pared  to  the  rf  period  (350  ps  at  2856  MHz). 

A  standing  wave  cavity  operating  at  the  fifth  harmonic  of  the 
bunching  frequency  (14.28  GHz)  is  used  for  real  time  monitor¬ 
ing  of  the  bunch  length  in  the  linac  [1].  The  peak  output  power 
of  the  cavity  depends  on  the  bunch  length.  The  fifth  harmonic 
frequency  was  chosen  to  maximize  the  output  power  for  small 
(~  5  ps  rms)  micro-bunches  consistent  with  mechanical  and 

*Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  Energy  Sci¬ 
ences,  under  Contract  No.  W-31 -109-ENG-38 


electrical  constraints.  Calibration  of  the  cavity  is  accomplished 
by  first  measuring  the  bunch  length  by  the  backphasing  tech¬ 
nique  and  using  the  result  to  determine  the  effective  cavity  shunt 
impedance. 


IL  THEORY 

The  basic  apparatus  for  the  bunch  length  measurement  con¬ 
sists  of  an  accelerating  waveguide  through  which  a  relativistic 
bunched  electron  beam  passes  on  zero  crossing.  The  beam  is 
subsequently  observed  downstream  of  the  accelerating  waveg¬ 
uide  at  a  spectrometer  consisting  of  a  dipole  magnet,  a  drift,  and 
a  screen.  The  transverse  position  of  a  given  beam  particle  in  the 
dispersive  plane  on  the  screen  is  given  by 

.  -  Sp+{Eg/c)sm(l> 

X  —  Xp  -j-  7]  ,  (1) 

P 

where  xpis  the  usual  betatron  oscillation  of  the  particle,  7]  is  the 
dispersion  at  the  viewscreen  in  meters,  Sp  is  the  intrinsic  mo¬ 
mentum  offset  of  the  particle,  p  is  the  central  momentum  of  the 
beam.  Eg  is  the  maximum  energy  gain  in  MeV  of  a  particle  that 
traverses  the  accelerating  waveguide  on  crest,  and  <j>  is  the  phase 
of  the  particle  in  radians  relative  to  the  particle  that  goes  through 
the  accelerating  waveguide  on  zero  crossing.  Equation  (1)  shows 
that  the  transverse  position  of  the  particle  is  linearly  related  to  the 
phase  offset  from  zero  crossing  for  <;!f)  <<  1  radian. 

For  a  given  particle  distribution  for  each  micro-bunch,  Eq.  (1) 
can  be  used  to  write  the  rms  beam  size  in  terms  of  parameters 
of  the  backphased  waveguide  and  spectrometer.  The  rms  size  is 
defined  by 

a2  =  ((x-{x))^  (2) 

where  ()  denotes  integration  of  the  particle  coordinates  over  the 
particle  distribution.  Inserting  Eq.  (1)  into  Eq.  (2)  results  in 


a 


2 


^sin^ 


-  {X0){sin(f>)+ 

^  {{Sp  sm4>)  —  (<Jp)(sin(^))|  “•S's  + 

p2 

(pc)2  3 

{{sin(j>  -  {sin(i>)f). 


(3) 

(4) 


In  Eq.  (3),  the  first  term  is  due  to  the  natural  emittance  and  energy 
spread  of  the  beam.  The  second  term  results  from  correlations 
between  the  particle  betatron  oscillation,  phase  relative  to  zero 
crossing  and  natural  momentum  spread.  The  third  term  contains 
the  rms  bunch  length  when 


(5) 
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which  is  an  excellent  approximation  for  short  bunches  where 
sin^  <j).  Typical  rms  bunch  lengths  for  the  APS  linac  are  ^  5^^ 
and  therefore  meet  the  approximation  given  by  Eq.  5  (for  com¬ 
parison  V  =  1.03  ps  for  2856  MHz). 

III.  MEASUREMENT  RESULTS 

Equation  (3)  indicates  that  the  rms  bunch  length  can  be  ob¬ 
tained  by  fitting  a  quadratic  curve  to  a  measurement  of  cr^  vs  Eg. 
The  form  the  fitting  function  therefore  takes  is 

=  Uo  +  diEg  -f  a2Egj  (6) 

where  the  above  terms  are  readily  identified  with  those  of  Eq.  (3). 
The  second-order  term  yields  the  micro-bunch  length  provided 
the  central  momentum  (energy)  and  dispersion  at  the  viewscreen 
are  known.  It  is  desireable  to  go  to  a  large  waveguide  energy  gain 
so  that  the  quadratic  term  dominates  the  other  two.  The  relative 
error  in  the  quadratic  term  will  therefore  be  minimized. 

Figure  1  shows  the  data  taken  using  a  single  accelerating 
waveguide  driven  by  a  single  klystron.  The  beam  energy  at  the 
entrance  to  the  accelerating  waveguide  was  220  MeV.  The  data 
were  taken  at  a  beam  current  of  150  mA  average  current  per 
macropulse  (52  pC  per  micro-bunch)  due  to  the  fact  that  cam¬ 
era  and  viewscreen  saturation  effects  limit  resolution  at  higher 
beam  currents.  The  micro-bunch  length  backphase  measurement 
was  performed  using  the  beam  resulting  from  a  “standard”  setup 
for  the  buncher  and  prebuncher.  The  resulting  beam  spot  distri¬ 
bution  on  the  spectrometer  viewscreen  was  symmetric  and  eas¬ 
ily  analyzed.  The  beam  image  analysis  software  computes  a  di¬ 
rectly  from  the  measured  beam  intensity  distribution  according 
to  Eq.  (2).  No  assumptions  about  the  exact  microbunch  structure 
need  be  made.  At  each  accelerating  waveguide  energy  gain,  the 
rms  size  was  taken  to  be  the  average  of  the  rms  size  of  five  beam 
snapshots  taken.  The  error  bars  are  taken  to  be  the  standard  error 
for  the  mean  [2].  This  averaged  out  shot- to-shot  fluctuations  of 
the  rms  size  due  to  rf  and  other  noise  sources.  The  quadratic  fit 
to  the  data  is  shown  as  the  solid  line.  The  fit  is  acceptable  with 
most  data  points  lying  within  a  distance  of  twice  their  error  bar 
of  the  fit.  Table  I  summarizes  the  measurement  parameters,  the 
results  of  the  fit,  and  gives  the  inferred  bunch  length.  The  dom¬ 
inant  errors  contributing  to  the  bunch  length  error  are  the  error 
in  the  second  term  and  the  dispersion.  The  last  entry  in  Ta¬ 
ble  I  is  an  estimate  of  the  FWTM  (full  width  at  10%  of  the  maxi¬ 
mum  height  of  the  distribution)  bunch  length.  The  FWTM  bunch 
length  was  estimated  by  comparing  the  ratio  of  the  FWTM  beam 
size  to  (7  for  each  data  point  and  taking  the  average  of  this  ratio 
for  all  the  data  points.  The  average  ratio  was  found  to  be  4.53 
(for  comparison,  the  ratio  of  the  FWTM  size  and  the  rms  size  a 
for  a  Gaussian  distribution  is  4.3). 

IV.  FIFTH  HARMONIC  CAVITY  CALIBRATION 

The  measurement  procedure  just  described,  though  automated 
using  the  SDDS  tools  [3],  is  time  consuming.  A  bunch  moni¬ 
tor  previously  described  [1]  is  used  for  real-time  (shot-to-shot) 
bunch  length  monitoring.  The  peak  cavity  output  power  for  a 
given  beam  current  is  given  by 

RP  2  2 

(7) 


RMS  Beam  Size  (Squared)  vs  Waveguide  Energy  Gain 


Figure  1.  Bunch  length  measurement  data  consisting  of  P  vs 
Eg.  The  solid  line  shows  the  best  fit  quadratic  curve  to  the  data. 


Table  I 

Bunch  length  measurement  parameters. 


Parameter 

Value 

P 

7 

Cto 

ai 

0^2 

FWTM^ 

334.8  ±  3.3  MeV 

194  ±  5  mm 

2.45  ±  .05  mm^ 

(-1.0  ±  .3)  X  10“^  mm^/MeV 
(4.9  ±  .5)  X  10“®  (mm/MeV)^ 
(2.2±.1)“ 

(9.9±.6)» 

where  P  is  the  average  beam  current  and  the  notation  for  the 
effective  shunt  impedance  R  from  reference  [1]  is  kept.  The 
power  given  by  Eq,  (7)  is  seen  to  depend  on  the  bunch  form  fac¬ 
tor  .  This  form  factor  arises  specifically  because  a  Gaus¬ 

sian  shape  for  the  microbunch  was  assumed.  For  short  bunches, 
the  precise  functional  form  of  the  form  factor  matters  little  be¬ 
cause  the  second  order  Taylor  expansion  to  second  order  for  dif¬ 
ferent  form  factors  is  identical  for  frequencies  that  are  small  rela¬ 
tive  to  the  rolloff  frequency  given  by  the  inverse  temporal  bunch 
length.  The  factor  multiplying  the  rms  bunch  length  m,  is  the 
harmonic  number  of  the  bunched  beam  signal.  Since  the  funda¬ 
mental  cavity  mode  operates  at  the  fifth  harmonic  of  the  bunch¬ 
ing  frequency  m  =  5  for  the  cavity  considered  here. 

The  reason  for  going  to  as  large  a  harmonic  number  as  pos¬ 
sible  is  to  increase  measurement  sensitivity  to  short  bunches. 
Equation  (7)  is  now  used  to  estimate  the  smallest  bunch  length 
measurable  for  a  cavity  (or  any  detector)  operating  at  some  har¬ 
monic  of  the  bunching  frequency.  Assuming  that  0.1-dB  power 
changes  are  the  minimum  detectable  in  the  presence  of  typical 
noise  sources,  the  minimum  rms  bunch  length  is  given  by 


10  a/McJ 
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which  for  our  cavity  turns  out  to  be  1 .74®  (7.48®  FWTM  assum¬ 
ing  a  Gaussian  distribution).  Inspection  of  Table  I  reveals  that 
the  bunch  length  determined  in  the  backphase  measurement  is 
nearly  at  the  theoretical  lower  limit  defined  by  Eq.  (8). 

Calibration  of  the  cavity  consists  of  determining  the  effec¬ 
tive  shunt  impedance  in  Eq.  (7).  The  peak  cavity  output  power 
was  measured  using  a  calibrated  fast  diode.  Corrected  for  ca¬ 
ble  losses,  the  peak  cavity  output  power  was  measured  to  be 
45.9  mW  for  a  beam  current  of  150  mA.  Using  the  measured 
bunch  length  listed  in  Table  I  and  Eq.  (7),  the  shunt  impedance 
turns  out  to  be  4.2  Q.  The  calculated  shunt  impedance  firom  SU¬ 
PERFISH  is  33  Q.  The  order  of  magnitude  difference  stems  from 
two  primary  effects.  The  first  is  that  for  a  30-ns  pulse,  the  cavity 
is  not  completely  filled,  and  second,  the  loaded  and  unloaded  Q 
results  in  a  mismatch  which  reduces  the  peak  output  power  [4]. 
Both  these  effects  increase  the  shunt  impedance  by  a  factor  of 
two  to  three. 

Further  studies  are  being  conducted  by  varying  the  beam  cur¬ 
rent  to  get  a  more  precise  value  for  the  shunt  impedance  and  to 
evaluate  the  measurement  uncertainties  involved.  A  measure¬ 
ment  uncertainty  of  10  %  for  the  shunt  impedance  should  be 
adequate  and  achievable.  One  way  of  determining  the  shunt 
impedance  would  be  to  produce  a  bunch  length  smaller  than  the 
minimum  detectable  as  given  by  Eq.  (8)  and  measure  the  peak 
power  as  a  function  of  beam  current  squared.  The  slope  of  this 
curve  from  Eq.  (7)  is  simply  R/2.  Bunch  lengths  greater  than 
that  given  by  Eq.  (8)  would  manifest  themselves  as  a  reduction 
in  the  slope  given  by  the  form  factor  in  Eq.  (7).  Of  course,  this 
measurement  of  R  assumes  that  the  bunch  length  does  not  vary 
appreciably  as  the  beam  current  is  varied.  This  is  a  good  as¬ 
sumption  at  the  very  low  beam  currents  used  here,  where  space 
charge  is  negligible.  Extention  of  this  idea  would  require  a  sep¬ 
arate  bunch  length  measurement  using  the  backphase  technique 
at  each  beam  current. 

V.  CONCLUSION 

The  bunch  length  has  been  measured  by  backphasing  a  sin¬ 
gle  accelerating  waveguide  and  observing  the  beam  at  a  down¬ 
stream  spectrometer.  Improvements  to  the  measurement  include 
going  to  higher  values  of  Eg  by  using  four  backphased  waveg¬ 
uides  driven  by  a  single  klystron  and  SLED  [5].  Compared  to 
a  single  accelerating  waveguide,  four  accelerating  waveguides 
would  allow  four  times  the  energy  spread  to  to  be  induced  in  the 
beam  for  a  given  bunch  length.  Another  approach  would  be  to 
increase  the  dispersion  of  the  spectrometer  which  would  require 
hardware  modification. 

The  fifth-harmonic  cavity  calibration  was  done  at  a  single 
beam  current  and  bunch  length.  Additional  measurements  will 
be  made  at  multiple  beam  currents  and  bunch  lengths  to  check 
the  calibration  over  a  broad  range  of  beam  parameters.  The  mea¬ 
sured  cavity  shunt  impedance  agrees  with  the  calculation  when 
the  effects  of  cavity  filling  during  the  beam  macropulse  and  mis¬ 
match  are  taken  into  account. 
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Abstract 

A  2856-MHz  S-band,  electron-positron  linear  accelerator 
(linac)  is  the  injector  and  source  of  particles  for  the  APS  [1], 
The  linac  is  operated  24  hours  per  day,  with  405-MeV 
electrons  to  support  commissioning  of  the  other  APS 
accelerators,  and  with  positrons  or  electrons  to  support  linac 
studies.  It  produces  electrons  with  energies  up  to  655  MeV  or 
positrons  with  energies  up  to  the  design  energy  of  450  MeV. 

L  INTRODUCTION 

The  design  goal  of  the  APS  electron  linac  is  to  accelerate 
30-nsec-long  pulses  containing  50  nC  of  electrons  to  an 
energy  of  200  MeV.  The  beam  is  focused  to  a  3-mm  diameter 
spot  on  a  7-mm-thick  water-cooled  tungsten  target  that  serves 
as  a  positron  converter.  Pair  produced  positrons  and  electrons 
are  refocused  by  a  1.5-T  pulsed  coil,  and  are  directed  into  the 
positron  linac  where  they  are  captured  and  accelerated  to  450 
MeV  ±1%.  The  design  positron  current  is  8  mA.  To  date, 
1.45  A  of  electrons  were  accelerated  to  225  MeV  at  30  Hz  in 
the  electron  linac,  and  were  focused  to  a  <  5-mm  diameter  spot 
on  the  target.  The  linac  was  able  to  accelerate  9  mA  of 
positrons  to  285  MeV  within  one  week  of  the  beginning  of 
positron  studies,  and  has  since  achieved  a  positron  energy  of 
450  MeV  with  an  energy  spread  less  than  ±  1.6%.  Measured 
radiation  levels  near  the  linac  are  within  DOE  guidelines  [2]. 

IT  EQUIPMENT  DESCRIPTION 

Particles  are  accelerated  in  the  linac  by  14  SLAC-type 
accelerating  structures,  five  in  the  electron  linac  and  nine  in  the 
positron  linac.  The  upstream  accelerating  structure  in  each  part 
of  the  linac  is  directly  powered  by  a  35-MW  klystron,  while 
the  remaining  12  structures  are  powered  in  groups  of  four  by  a 
klystron  and  a  SLED  cavity  assembly,  as  shown  in  Figure  1 . 
Power  to  the  klystrons  is  provided  by  100-MW  line-type 
modulators.  Recent  upgrades  to  the  modulators  led  to  improved 
performance  and  reliability,  and  are  described  elsewhere  [3]. 

The  individual  timing  of  each  of  the  five  pulse  modulators 
is  optimized  to  gain  maximum  energy  from  the  available  rf 
power  in  each  sector,  and  the  timing  of  each  of  the  three 
SLEDs  is  also  individually  optimized  for  maximum  energy 
gain.  The  electron  or  positron  beam  is  bent  into  the 
appropriate  diagnostic  line,  and  data  on  timing  versus  energy, 
interpreted  from  the  beam  position  on  a  fluorescent  screen,  are 
taken  and  analyzed  using  sdds  tools  [4].  Timing  is  reoptimized 
after  modulator  upgrades  and  SLED  retuning,  and  Figure  2  is 
an  example  of  such  a  timing  curve.  Figure  3  is  the  diagnostic 
line  at  which  the  data  were  taken. 
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L4  MODULATOR  TRIGGER  TIME  (nsec) 

Figure  2:  Modulator  (and  SLED)  timing  optimizations  are 
performed  for  each  sector  to  optimize  use  of  the  modulator 
pulse  and  thus  achieve  maximum  energy  gain.  These 
modulator  timing  data  were  collected  using  sdds  tools  [2]. 


(CENTERLINE  OF  ^ 
WORK  POINT) 


Figure  3:  Positron  linac  diagnostic  lines  allow  energy,  energy 
spread,  and  phase  optimization  to  be  performed  for  electrons  or 
positrons.  Other  beam  parameters  are  also  measured  using 
information  from  equipment  in  this  line. 

A  new  beam  position  monitor  (BPM)  will  be  installed  at 
the  exit  of  the  dipole  magnet  shown  in  Figure  3,  and  will 
allow  continued  development  and  eventual  routine  use  of 
automated  rf  phase  optimization  programs. 

The  low-level  rf  system  has  functioned  well  for  more  than 
a  year  and  is  described  elsewhere  in  these  proceedings,  along 
with  the  existing  automatic  rf  phase  control  system  that 
maintains  constant  phase  (to  within  ±  2°)  between  the  five 
klystrons  [5]. 

Linac  beam  diagnostics  include  wall  current  monitors, 
BPMs  [6],  fluorescent  screens  [7],  and  loss  monitors.  The 
existing  BPMs  are  unable  to  distinguish  between  positive  and 
negative  signals,  so  positron  optimization  must  be  done  using 
BPMs  in  conjunction  with  other  information.  A  new  type  of 
BPM  currently  under  development  will  be  able  to  make  the 
distinction,  and  will  facilitate  positron  tuning  if  successful  [8]. 
Average  current  monitors  are  installed  for  the  purpose  of 
shutting  down  the  linac  in  the  unlikely  event  that  the  average 
electron  current  in  either  the  electron  linac  or  the  positron  linac 


becomes  excessive.  The  quantity  of  each  type  of  diagnostic  in 
each  section  of  the  linac  is  listed  in  Table  1.  The  beam’s 
microbunch  length  has  been  measured  by  backphasing,  and 
also  by  using  a  5th-harmonic  rf  cavity.  Descriptions  of  the 
technique  and  the  first  results  are  found  in  [9]. 

Table  1:  Linac  Diagnostics. 

Type  #  in  e-  linac  #  in  e+  linac 


average  current  mon.  2  2 

wall  current  mon.  3  1 

BPM  5  5 

fluorescent  screen  3  5 

loss  monitor  5  9 

5th  harmonic  cavity  1  0 


The  linac  is  controlled  by  the  Experimental  Physics  and 
Industrial  Control  System  (EPICS)  [10].  The  system  is 
extremely  flexible  and  when  combined  with  the  sdds  toolkit, 
provides  a  powerful  environment  for  monitoring  and  control  of 
the  linac  and  its  various  systems.  Figure  4  is  an  example  of  an 
EPICS  control  screen  for  the  linac. 

III.  PERFOmANCE 

Table  2  lists  a  summary  of  the  linac’s  performance  to 

date. 


Table  2:  Linac  Performance  Summary. 


Design  Goal 

Achieved 

Electron  Linac 

Energy  on  Target 

200  MeV 

235  MeV 

Pulse  Length 

30  ns 

30  ns 

Target  Spot  Size 

(p  <  3  mm 

cp  <  5  mm 

Power  on  Target 

480  W 

225  W 

Current  on  Target 

1.7  A 

1.45  A 

Repetition  Rate 

48  pps  at  a 
60-Hz  rate 

30  Hz 

Maximum  Energy 

650  MeV 

655  MeV 

Energy  Spread 

±8  % 

<±  8  % 

Emittance 

<  1.2  mm  mrad 

<  1.2  mm  mrad 

Positron  Linac 

Output  Energy 

450  MeV 

458  MeV 

Output  Current 

8mA 

9  mA 

Energy  Spread 

+1 

<±1.6  % 

IV.  SUMMARY 


The  APS  linac  has  been  operational  for  about  a  year,  and 
has  met  most  of  its  design  goals.  Considerable  time  was  spent 
conditioning  the  high  power  rf  equipment,  however 
conditioning  is  now  excellent  for  most  purposes.  The  design 
goal  for  positron  current  at  the  design  energy  has  not  yet  been 
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Figure  4:  An  example  of  a  portion  (20%)  of  the  linac  if 
overview  control  screen.  Rf  power,  timing,  and  phase 
information  can  beread  out  and  modified  from  this  screen.  A 
limited  set  of  faults  can  be  reset  directly,  and  a  variety  of 
"engineering  screens"  are  accessible  from  pull  down  menus  on 
this  screen. 


met.  By  the  time  rf  conditioning  permitted  450-MeV  positron 
runs,  the  gun  cathode  performance  had  degraded  significantly. 
The  cathode  is  scheduled  for  replacement,  and  the  design 
positron  current  at  450  MeV  will  most  likely  be  achieved 
during  the  first  shift  with  the  new  cathode.  The  positron 
focusing  system  as  well  as  some  possible  improvements  to  it 
are  discussed  in  [11]. 

The  linac  operates  24  hours  per  day  to  produce  405-MeV 
electrons  for  the  purpose  of  commissioning  the  other  APS 
accelerators.  Positrons  are  used  in  linac  and  low  energy 
transport  line  studies  but,  will  soon  be  injected  into  the 
positron  accumulator  ring. 
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TW  ACCELERATING  STRUCTURES  WITH  MINIMAL 
SURFACE  ELECTRIC  FIELD 


O.  Nezhevenko,  D.  Myakishev,  V.  Tametsky,  V.  Yakovlev, 
Budker  Institute  of  Nuclear  Physics,  Novosibirsk,  Russia 

1.  INTRODUCTION  III.  RESULTS 


In  relation  to  the  development  of  linear  colliders  requirement 
appeared  in  the  accelerating  structures  with  high  accelerating 
rate,  that  can’t  exceed  the  value  defined  by  electric  break-down. 
It  has  been  known  that  electrical  strength  depends  on  maximal 
electric  field  on  the  structure  surface  Em ,  which  can  be  connected 
with  accelerating  rate  E  through  the  overvoltage  factor  Km  by 
the  equation  Km  =  Em/E, 

Asa  result  of  numerical  simulation  of  the  different  accelerating 
structures  operating  in  stored  energy  mode  [1]  it  has  been  found 
that  Km  depends  on  the  accelerating  structure  type  (TW,  SW) 
and  disk  edge  shape  and  can  be  decreased  through  the  change 
to  elliptical  disk  edge  shape.  The  criterion  of  ellipticity  is  its 
eccentricity  s  =  t/{2h)  (Fig.l).  Note,  that  parabolic  disk  edges 
[2]  has  similar  shape,  but  in  this  case  overvoltage  at  points  of 
conjugation  between  the  disk  and  paraboloid  may  occur. 

In  this  report  we  more  extensively  consider  the  possibility  of 
the  minimal  overvoltage  factor  obtaining  in  In /?>  TW  structure, 
that  was  chosen  as  an  operating  in  the  main  colliders  projects  [3], 
[4]. 

11.  GENERAL 

We  carried  out  the  numeric  simulation  of  2n/?>  TW  structure 
(Fig. 2).  The  simulation  was  made  for  the  various  values  of  aper¬ 
ture  2a /X,  disk  thickness  t/X  and  eccentricity  e.  In  order  for 
the  structure  geometric  parameters  to  be  in  the  limits  of  devel¬ 
oping  structures,  we  chose  the  following  ranges  of  parameters: 
t/X  =  0.056  -i-  0.11,  2a /A  =  0.19  -r  0.457,  enclosing  by  this 
means  parameters  of  SLAC  [5],  NLC  [3]  and  JLC  [4]. 

The  numeric  simulation  was  carried  out  with  the  computer 
code  SUPERLANS  [6],  that  allows  to  calculate  the  traveling 
waves  in  axisymmetrical  periodical  structures  with  acceptable 
accuracy. 


Figure.  1.  The  disk  edge  geometry. 


In  the  Fig.3  the  calculated  dependences  of  overvoltage  factor 
Km  from  eccentricity  e  at  various  values  of  structure  geomet¬ 
ric  parameters  2a /X  and  2t/X  are  shown.  Each  figure  contains 
curves  for  three  aperture  magnitudes  at  the  fixed  disk  thickness. 
For  convenience  the  same  dependences  are  shown  in  the  Fig.4, 
but  in  this  case  the  curves  are  grouped  together  so  that  the  single 
picture  contains  dependences  for  three  disk  thickness  values  at 
the  fixed  aperture. 

As  is  clear  from  Fig.l,  e  =  I  corresponds  to  the  round  edge 
geometry  and  e  <  1  -  to  the  more  “sharp”  one. 

For  each  pair  of  parameters  (a,t)  there  is  an  optimal  value  of  e, 
at  which  Km  (i.e.  Em)  is  minimal,  and  later  eccentricity  decreas¬ 
ing  leads  to  the  increasing  of  overvoltage  factor.  As  this  takes 
place  the  major  Em  decreasing  (up  to  30-40  %)  is  made  possible 
for  the  “conventional”  structures  with  rather  small  apertures  (for 
the  group  velocity  Vg  2:^  0.01c).  At  the  largest  apertures  that  are 
used,  for  example,  in  NLC  project  structure  (where  Vg  2^  0.1c), 
Em  decreasing  doesn’t  exceed  5-10  %. 

It  is  reasonable  that  disk  thickness  increasing  allows  some 
more  decreasing  of  Em¬ 
in  deciding  on  a  structure  geometric  parameters  (a,t)  it  should 
be  realized  that  they  make  a  great  influence  on  the  shunt 
impedance  Z  value.  As  an  illustration  in  the  Fig.5,6  depen¬ 
dences  of  shunt  impedance  from  a  and  t  are  shown.  This  curves 
correspond  to  the  operating  frequency  11.4  GHz  (as  in  [3],  [4] 
projects)  and  round  disk  edge  shape.  As  our  calculations  show, 
the  eccentricity  doesn’t  make  the  appreciable  influence  on  Z  and 


Figure.  2.  Schematic  cross  section  of  2n/3  TW  structure. 
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Figure.  5.  Shunt  impedance  against  aperture  for  various  thick¬ 
ness. 


Figure.  6.  Shunt  impedance  against  thickness  for  various  aper¬ 
tures. 


IV.  CONCLUSION 

Our  research  displayed  that  in  TW  accelerating  structures  the 
maximal  surface  electric  field  decreasing  (i.e.  increasing  of  the 
structure  electrical  strength)  can  be  obtained  through  the  choos¬ 
ing  of  optimal  disk  edge  shape.  For  “conventional  structures” 
with  rather  small  apertures  the  Efn  decreasing  can  be  as  great  as 
30-40  %  practically  at  the  same  value  of  shunt  impedance.  For 
structures  with  enlarged  apertures  (NLC-type)  this  effect  is  more 
weaker  and  comprises  5-10  %. 
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An  electron  linear  accelerator  has  been  constructed  at  Kyoto 
University,  which  is  an  injector  for  the  300  MeV  storage  ring  . 
The  output  beam  energy  from  the  injector  is  100  MeV  and  the 
designed  beam  current  is  100  mA  at  the  pulse  width  of  1  |xsec. 
The  component  test  is  under  going.  The  electron  beam  of  300 
mA  is  extracted  from  the  electron  gun  and  the  peak  RF  power  of 
20  MW  is  successfully  fed  to  the  accelerating  structures  at  the 
pulse  width  of  2  p.sec. 

L  INTRODUCTION 

An  electron  storage  ring  has  been  developed  at  the  Institute 
for  Chemical  Research,  Kyoto  University.  The  storage  ring 
(Kaken  Storage  Ring,  KSR)  has  a  race  track  shape  and  the 
maximum  energy  is  300  MeV.  It  will  be  used  as  the  synchrotron 
radiation  source  from  the  dipole  magnet  and  the  insertion  device 
[1].  It  will  be  also  used  for  the  research  of  the  free  electron  laser. 
The  electron  beam  is  injected  to  the  KSR  by  a  100  MeV  linear 
accelerator  [2].  The  layout  of  the  electron  linac  and  the  KSR  is 
shown  in  Fig.  1. 

Table  1  shows  the  beam  parameters  and  the  main 
specification  of  the  injector.  The  output  beam  parameters  are 
determined  by  the  injection  requirements  of  the  KSR.  The 
maximum  repetition  is  limited  by  the  capability  of  the  power 
supply  and  the  radiation  shield.  The  repetition  is  0.5  Hz  at  the 


Table  1  Output  beam  parameters  and  the  main  specification 
of  the  injector. 

Output  Electron  Beam 
Energy 
Beam  Current 
Pulse  Width 
Maximum  Repetition 
Electron  Gun  (Pierce  type) 

Cathode  Assembly 
Extraction  Voltage 
Grid  Voltage  (typ.) 

Accelerating  Structure 
Mode 

Number  of  Cell 
Bore  Radius 
Length 

Operating  Frequency 
Shunt  Impedance 
Maximum  Electric  Field  15  MV/m  at  20  MW  input 
Klystron  (ITT-8568) 

Cathode  Voltage  250  kV,  250  A 

Output  RF  Power  21  MW 

Gain  53  dB 


100  MeV 
100  mA 
1  psec 
20  Hz 

Y-796  (Eimac) 
-lOOkVDC 
100  V 

2/371,  Constant  Gradient 
85 

11.74-  13.4  mm 
3  m 

2857  MHz 
53  MW/m 
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Figure  1 .  Layout  of  the  electron  linac  and  the  KSR. 
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Photo  1  View  of  the  front  part  of  the  accelerator.  The  electron 
gun,  the  buncher,  and  the  first  accelerating  structure  from 
the  right  to  left. 


KSR  injection  and  the  higher  repetition  is  used  for  the  beam 
tuning  and  for  some  physical  and  chemical  experiments  with 
the  electron  beam  of  the  linac, 

IL  ACCELERATOR 

The  view  of  the  front  part  of  the  accelerator  (the  electron 
gun,  the  buncher,  and  the  first  accelerating  structure)  is  shown 
in  photo  1. 

2-7  Electron  Gun 

The  electron  gun  has  the  Pierce  electrode  and  the  cathode 
assembly  is  the  Y-796  (Eimac).  The  maximum  extraction  voltage 


is  -100  kV  DC.  The  pulse  width  of  the  grid  pulser  is  variable 
from  10  nsec  to  1  jisec.  The  beam  current  of  300  mA  has  been 
achieved  at  the  pulse  width  of  1  |u,sec. 

2-2  Pre-buncher  and  Buncher 

The  pre-buncher  is  a  single  reentrant  cavity.  It  is  designed 
to  bunch  the  beam  within  the  phase  spread  of  60  degree.  The 
buncher  is  a  disc-loaded  and  3  step  constant  gradient  structure. 
It  has  21  cells  and  the  total  length  is  111  mm.  The  designed 
phase  spread  is  within  3  degree  at  the  beam  current  of  100  mA 
when  the  input  power  is  12  MW. 

2-5  Accelerating  structure 

The  main  characteristics  of  the  accelerating  structure  are 
listed  in  Table  1.  The  maximum  electric  field  is  45  MV  per  an 
accelerating  structure  without  beam  loading  at  the  input  power 
of  20  MW. 

The  doublet  of  the  quadrupole  magnets  is  used  as  a  focusing 
element  between  the  accelerating  structures.  The  calculated 
beam  radius  is  kept  within  6  mm  along  the  beam  axis.  It  is 
assumed  that  the  normalized  emittance  is  100  Tt  mmmrad,  The 
steering  coils  are  placed  at  the  entrance  of  the  first  and  the  third 
accelerating  structures. 

III.  RF  SYSTEM 

5-7  Low  Level  System 

The  block  diagram  of  the  RF  system  is  shown  in  Fig.  2. 
The  master  RF  oscillator  is  a  synthesized  signal  generator  (HP- 
8664A).  The  booster  klystron  (TH-2436,  Thomson)  has  a  gain 
of  40  dB  and  the  output  power  is  10  kW.  The  pulse  width  is  3.5 
|xsec.  The  output  power  is  divided  by  the  4- way  RF  divider  and 
supplied  to  the  four  main  klystrons.  RF  attenuators  and  phase 
shifters  are  inserted  between  them. 


Figure  2  Block  diagram  of  the  RF  system 
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3-2  Klystron  and  Modulator 

The  main  klystron  is  ITT-8568.  The  maximum  output 
power  is  21  MW.  Figure  3  shows  the  input  RF  power  of  the  first 
and  third  accelerating  structures.  The  peak  RF  power  is  20  MW 
and  the  RF  frequency  is  2857  MHz.  The  repetition  is  3,5  Hz. 
The  RF  pulses  are  picked  up  by  the  directional  couplers  and 
detected  by  the  RF  diodes. 

The  modulator  is  composed  of  the  high  voltage  power 
supply,  the  pulse  forming  network  (PFN)  and  the  pulse 
transformer.  The  stabilized  power  supply  for  the  modulator  is 
adopted  to  keep  the  electron  beam  energy  constant.  The 
maximum  voltage  is  25  kV  and  the  current  is  500  mA.  It  can 
feed  the  power  to  the  three  PFNs  for  the  accelerators  at  the 
repetition  of  20  Hz.  The  voltage  stability  is  less  than  lO  l 

The  pulse  voltage  generated  by  the  PFN  is  22.5  kV  and  the 


Figure  3  Input  RF  pulse  to  the  first  and  thied 
accelerating  structures.  The  peak  power  is  20 
MW  and  the  repetition  is  3.5  Hz. 


peak  current  is  3000  A.  The  pulse  width  is  2  |Ltsec,  The  output 
voltage  is  stepped  up  12  times  by  the  pulse  transformer  and 
supplied  to  the  klystron. 

IV.  BEAM  MONITOR 

The  current  monitor  is  installed  between  the  accelerating 
structures.  The  monitor  is  the  ferrite  core  with  the  coil  of  30 
turns.  The  current  sensitivity  is  1  mV/mA. 

The  beam  profile  monitors  will  be  installed  at  the  close  to 
the  current  monitors.  The  material  of  the  beam  screen  is  an 
alumina  ceramic  in  which  a  little  chromium  oxide  is 
homogeneously  doped  (Desmarquest,  AF995R).  The  beam 
profile  monitor  is  also  used  for  the  emittance  measurements 
combined  with  the  upstream  quadrupole  magnets 

V.  CONTROL  SYSTEM 

The  block  diagram  of  the  device  control  system  is  shown 
in  Fig.  4.  The  controller  units  have  the  GP-IB  interface  and 
connected  by  the  optical  fiber  each  other.  The  fiber  cable  isolates 
each  devices  and  reduces  the  noise.  The  master  controller  is  a 
personal  computer  IBM-PC/AT  with  ISA  GP-IB  card  (AT-GPIB, 
National  Instrument).  The  control  software  works  on  the 
Microsoft  Windows  system.  A  user  can  operate  by  the  mouse  or 
a  touch  panel. 

VI.  SUMMARY 

The  construction  of  the  100  MeV  electron  injector  had  been 
finished  and  the  tests  of  the  main  components  such  as  the 
klystrons  and  the  electron  gun  were  carried  out.  We  succeeded 
to  feed  the  20  MW  into  the  accelerating  structure  at  the  low 
repetition.  The  conditioning  work  is  now  in  progress.  The  beam 
acceleration  test  of  100  MeV  is  scheduled  in  summer  1995. 
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Abstract 

Rf  power  for  the  APS  linear  accelerator  is  provided  by 
five  klystrons,  each  of  which  feeds  one  linac  "sector,”  contain¬ 
ing  accelerating  structures  and  SLED  cavities.  A  VXI-based 
subsystem  measures  the  phase  of  each  sector  of  the  linac  with 
respect  to  a  thermally  stabilized  reference  line.  The  resulting 
information  is  used  to  control  a  linearized  varactor  phase 
shifter.  Error  correction  is  done  by  software,  using  operator- 
controllable  parameters.  A  second  phase  shifter  provides  an 
intra-pulse  correction  to  the  phase  of  the  klystron  drive  pulse. 
When  the  intra-pulse  correction  is  applied,  the  resulting  phase 
is  flat  to  within  0.5°  after  2.5  |xsec.  A  second  correction,  made 
after  the  PSK  trigger  to  the  SLED  and  during  the  filling  of  the 
accelerating  structures,  resulted  in  an  energy  gain  of  5  MeV 
from  a  single  sector, 

1.  INTRODUCTION 

The  rf  schematic  for  the  APS  linac  is  shown  in  Figure  1. 
Linac  sectors  are  comprised  of  a  klystron  and  associated  accel¬ 
erating  structures. 
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Figure  1:  Schematic  Diagram  of  the  rf  system. 


♦Work  supported  by  U.S,  DOE  Office  of  Basic  Energy  Sciences  under 
Contract  No.  W-31-109-ENG-38. 


The  low-level  rf  system  is  principally  housed  in  two  sep¬ 
arate  cabinets  for  each  sector:  a  VXI-based  measuring  system 
and  a  klystron  drive  system  using  a  pulsed  solid-state  amplifier 
together  with  NIM  modules  and  rfi-tight  chassis. 


IL  SYSTEM  DESCRIPTION 

The  entire  system  is  driven  from  an  ovenized,  synthesized 
source  and  a  10-Watt  GaAs  FET  amplifier.  Both  the  drive  and 
reference  lines  are  driven  from  the  amplifier  output  and  are 
built  into  a  single  assembly  which  is  temperature  stabilized  us¬ 
ing  water  from  one  of  the  systems  feeding  the  accelerating 
structures. 

The  VXI-based  measuring  system  is  based  on  Los  Alam¬ 
os  National  Laboratory  (LANL)  designed  modules  [1]  with 
upgrades  accomplished  collaboratively  by  LANL  and  ANL.  A 
common  digital  interface  exists  on  all  modules,  while  three 
types  of  on-board  signal  conditioning  allow  measurements  of  rf 
amplitude,  rf  phase,  and  beam  position.  Each  channel  digitizes 
a  single  measurement  during  each  linac  pulse,  and  the  exact 
time  of  the  sample  can  be  adjusted  by  the  operator.  The  mod¬ 
ules  for  a  sector  are  located  in  two  C-size  VXI  mainframes, 
housed  in  a  single  19-inch  rack.  MXI  modules  in  slot  zero  of 
each  of  the  two  mainframes  provide  links  between  them. 

The  following  VXI  modules  are  used  for  rf  data  collection 
and  conversion: 

Envelope  Detector  Modules  (EDMs)  provide  eight  chan¬ 
nels  of  diode-detected  signals.  Linearized  values  for  each 
possible  raw  output  value  from  the  analog-to-digital  converter, 
interpolated  from  calibration  of  88  points  per  channel,  are 
stored  in  an  EEPROM. 

A  Down  Converter  Module  (DNM)  driving  a  Vector  De¬ 
tector  Module  (VDM)  produces  two  channels  of  I  and  Q  data. 
The  VDM  operates  at  20  MHz  and  utilizes  ovenized  I  and  Q 
demodulators.  Phase  is  calculated  by  software. 

Analog-to-digital  conversion  in  the  EDM  and  VDM  mod¬ 
ules  is  done  by  a  Datel  SHM-49  hybrid  track/hold  amplifier  and 
an  AD574  monolithic  analog-to-digital  converter,  yielding  a 
10-MHz  bandwidth. 

A  different  trigger  timing  system  than  the  one  used  at 
LANL  is  used  for  most  measurements  in  the  APS  linac  and  im¬ 
proves  resolution  and  jitter  by  more  than  an  order  of  magnitude. 
The  upgraded  LANL  modules  allow  any  of  the  VXI  backplane 
triggers  to  be  directly  selected,  or  the  LANL  default  triggering 
system  can  still  be  used.  A  VXI  trigger  module,  designed  at 
ANL,  contains  a  set  of  eight-bit  programmable  delay  lines 
which  can  be  used  to  select  sample  time  in  increments  of  5 
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nanoseconds.  A  separate  delay  line  controls  each  of  the  two 
ECL  triggers  and  eight  TTL  triggers  on  the  VXI  backplane. 

Rf  samples  are  available  at  the  input  (both  forward  and 
reflected)  and  output  of  each  accelerating  structure.  Envelope 
detector  channels  have  been  provided  for  almost  all  of  these 
signals.  Multiplexed  phase  measurements  are  available  for  the 
forward  power  samples. 

Key  elements  of  the  klystron  drive  chain  before  the  pulsed 
amplifier  are  a  bi-phase  (PSK)  modulator  which  is  used  to  key 
the  SLED  [2]  cavity  assemblies  in  sectors  L2,  L4,  and  L5;  a 
dual  linearized  phase  shifter;  a  PIN  diode  switch  controlled  by 
a  VSWR  protection  NIM  module;  and  a  preamplifier.  The 
pulsed  solid-state  amplifier  has  a  minimum  power  output  of 
400  watts  and  is  followed  by  a  motor-driven  attenuator.  After 
minimum  attenuation  and  cable  losses,  drive  power  of  at  least 
225  watts  is  available  at  the  klystron  input. 

III.  PHASE  CONTROL 

Phase  is  measured  at  the  input  to  each  sector  (at  the  output 
of  the  klystron  and  SLED)  with  a  single  sample  each  pulse. 
Software  computes  a  phase  between  -180°  and  +180°,  with  a 
resolution  of  0.01°,  from  measured  I  and  Q  data.  The  smaller 
in  magnitude  of  I  and  Q  is  always  used  as  the  numerator  in  the 
computation  to  avoid  losing  precision  near  the  sine  wave 
maxima.  Line  stretcher  type  phase  shifters  are  included  at  the 
reference  inputs  of  each  sector’s  phase  measuring  modules. 
These  phase  shifters  are  set  so  that  the  phase  reading  of  each 
sector  can  be  set  to  approximately  +90°  at  maximum  energy 
conditions  for  electrons.  Therefore  the  readings  for  both  elec¬ 
trons  and  positrons  (roughly  -90°)  will  not  usually  be  near  the 
point  of  discontinuous  readings  located  at  ±180  degrees.  It  is 
also  desirable  that  at  this  point  phase  is  calculated  as: 


with  I  being  near  zero  since  the  I  channel  has  a  lower  noise 
level  than  the  Q  channel. 

An  Allen-Bradley  remote  interface  link  from  the  VXI- 
based  processor  is  used  to  implement  phase  control.  Phase  cor¬ 
rections  are  generally  made  when  the  measured  phase  error 
exceeds  2°  from  a  preset  value  chosen  after  the  beam  is  opti¬ 
mized  for  energy,  energy  spread,  and  spot  size  and  shape. 
Figure  2  is  an  example  of  the  on-line  window  for  phase  control 
while  operating  with  target  in  (i.e.  with  positrons), 

IV.  INTRAPULSE  PHASE  ERRORS  AND 
SOLUTIONS 

Pulsed  solid-state  amplifiers  are  subject  to  several  sources  of 
phase  error.  One  of  the  largest  and  most  easily  correctable  is 
the  variation  in  junction  temperature  over  the  pulse.  Since  the 
variation  is  exponential  it  can  be  corrected  with  an  exponential 
predistorting  phase  shift.  The  correction  technique  used  is  the 
one  already  used  on  SLC  [3]  with  two  minor  differences.  In¬ 
stead  of  combining  the  correction  signal  with  the  main  phase 
control  signal  in  an  extremely  linear  phase  shifter,  a  separate 


(but  within  a  common  package),  commercially  available  lin¬ 
earized  varactor  phase  shifter  is  used.  Additionally,  the  range 
of  possible  correction  time  constants  was  increased  from  5  |Lisec 
maximum  to  9  |Lisec  maximum.  The  need  for  longer  time  con¬ 
stants  seems  appropriate  with  the  use  of  newer,  larger  junction 
transistors.  With  the  correction  optimized,  the  phase  of  the 
klystron  drive  pulse,  after  the  initial  2.5  |Lisec,  is  flat  to  within 
<0.5°.  Noise  on  the  I  and  Q  outputs  of  the  Vector  Detector  is 
the  principal  limiting  factor.  The  klystron  drive  pulse  is  timed 
so  that  the  initial  2.5  [isec  has  an  insignificant  effect  on  the  ac¬ 
celerated  beam.  In  the  SLEDed  sectors,  the  drive  pulse  starts 
before  the  modulator  trigger.  In  the  other  sectors,  the  drive 
pulse  begins  at  least  3.3  |Xsec  before  the  electron  gun  trigger. 
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Figure  2:  Autophase  control  screen  during  a  positron  run. 

During  commissioning,  it  was  observed  that  less  than 
ideal  shape  of  the  modulator  pulse  was  limiting  maximum 
available  linac  energy  and  that  phase  shifts  over  the  pulse  due 
to  klystron  phase  pushing  was  a  significant  part  of  the 
limitation.  In  the  pursuit  of  additional  ways  to  increase  maxi¬ 
mum  available  linac  energy,  an  experiment  was  performed  on 
linac  sector  L2  (the  best  operating  SLEDed  sector  at  the  time). 
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An  additional  correcting  signal  was  summed  with  the  driver 
amplifier  correction  signal  described  above,  during  the  part  of 
the  pulse  after  the  PSK  trigger,  which  corresponds  to  the  ac¬ 
celerating  structure  fill  time.  A  rectangular  pulse  of  variable 
amplitude  and  polarity  with  width  extending  past  the  end  of  the 
modulator  pulse  was  applied  as  part  of  the  summed  signal  to  the 
phase  shifter.  The  limited  response  of  the  phase  shifter  inte¬ 
grated  the  leading  edge  of  the  pulse,  giving  the  effect  of  adding 
a  ramp  phase  shift  component  of  variable  slope  which  could  be 
either  positive  or  negative.  The  resulting  slope  was  varied 
while  watching  a  fluorescent  screen  following  a  calibrated  an¬ 
alyzing  magnet,  giving  an  immediate  readback  of  changes  in 
beam  energy.  An  energy  increase  of  5  MeV  was  observed. 

No  decision  has  been  reached  on  whether  to  implement 
such  a  correction.  The  results  show  an  apparent  possible  10- 
MeV  increase  in  positron  energy  by  applying  the  additional 
correction  in  sectors  L4  and  L5.  However,  the  magnitude  of 
any  possible  increase  in  beam  energy  can  be  expected  to  tend 
towards  zero  as  the  ongoing  activity  to  improve  the  modulators 
produces  a  pulse  which  more  closely  resembles  the  ideal  [4]. 

V.  CONCLUSION 

This  system  has  operated  successfully  for  more  than  a 
year  and  has  achieved  repeatability  to  within  its  ±  2°  window 
which  has  been  verified  by  its  regular  correlation  with  linac 
energy.  It  has  also  achieved  a  good  and  still  improving  level  of 
reliability  on-line.  Basic  performance  has  been  at  a  level  that 
has  readily  supported  commissioning  and  operation  while  fur¬ 
ther  refinements  are  still  being  pursued.  More  details  of  the 
linac’s  performance  are  given  in  [5]. 

VI.  ACKNOWLEDGMENTS 

We  would  like  to  sincerely  acknowledge  the  efforts  of 
Messrs.  D.  Jefferson  and  J.  Hawkins,  whose  efforts  in  support 
of  the  linac  low-level  systems  were  instrumental  to  the  suc¬ 
cessful  results. 


VIL  REFERENCES 

[1]  S.  P.  Jachim,  et  al,  "The  Los  Alamos  VXI-Based  Modular 
RF  Control  System,"  Proceedings  of  the  1993  Particle  Ac¬ 
celerator  Conference,  Washington,  DC.,  May  1993,  pp 
1154-1156,1993. 

[2]  Z.  D.  Farkas,  H.A.  Hogg,  G.A.  Loew,  and  P.B.  Wilson, 
"SLED:  A  Method  of  Doubling  SLAC’s  Energy,"  SLAC- 
PUB-1453,  June  1974. 

[3]  J.  G.  Judkins,  J.  E.  Clendenin  and  H.  D.  Schwarz,  "A  Solid 
State  High  Power  Amplifier  for  Driving  the  SLC  Injector 
Klystron,"  IEEE  Transactions  on  Nuclear  Science,  NS32, 
No.  5,  pp.  2909-2911,  Oct.  1985. 

[4]  T.  J.  Russell  and  A.  Cours,  "Klystron  Modulator  Operation 
and  Upgrades  for  the  APS  Linac,"  these  proceedings. 

[5]  M.  White,  et  al.,  "Performance  of  the  Advanced  Photon 
Source  (APS)  Linear  Accelerator,"  these  proceedings. 


1084 


ERROR  SENSITIVITY  STUDY  FOR  SIDE  COUPLED  MUFFIN  TIN 
STRUCTURES  USING  A  FINITE  DIFFERENCE  PROGRAM 

Warner  Bruns,  TU  Berlin,  EN~2,  Einsteinufer  17,  10587  Berlin 


Abstract 

The  sensitivity  of  three  previously  proposed  side  coupled  stand¬ 
ing  wave  muffin-tin  structures  are  estimated  using  a  finite  dif¬ 
ference  program.  The  muffin  tins  consist  of  rectangular  cavi¬ 
ties  only.  Such  geometries  can  be  discretized  by  a  program  like 
MAFIA  without  errors.  But  as  soon  as  small  errors  in  the  cavity 
dimensions  are  present,  MAFIA  is  not  able  to  discretize  them 
with  sufficient  accuracy.  Therefore  a  finite  difference  program 
adjusted  to  the  problem  has  been  written  that  discretizes  the  cav¬ 
ity  volume  exactly  for  all  cavities  where  the  position  of  two  of 
the  six  cavity  walls  is  perturbed.  This  program  was  used  to  cal¬ 
culate  the  shunt  impedance  of  a  big  number  of  structures  with 
random  errors  in  the  cavity  dimensions. 

I.  INTRODUCTION 

A  class  of  linear  accelerators  has  been  previously  proposed, 
which  should  operate  at  120  GHz  and  could  be  manufactured 
cheaply  by  silicon  etching  or  LIGA  due  to  their  rectangular  ge¬ 
ometries  [2], [3].  The  typical  structure  dimensions  are  1  nun. 
Because  the  structures  are  so  tiny,  it  seems  almost  impossible 
to  tune  them  after  manufacturing.  Therefore  it  is  necessary  to 
evaluate  the  effects  of  errors  in  the  geometry. 

In  a  previously  published  paper  [4],  the  error  sensitivity  of 
the  geometries  was  already  estimated  using  a  lumped  circuit  ap¬ 
proach.  As  will  be  seen  from  the  present  paper,  the  lumped 
circuit  approach  was  valid.  The  present  paper  deals  with  calcu¬ 
lating  directly  the  fields  in  the  perturbed  structures  and  reports 
the  averages  of  the  calculated  shunt  impedances. 

II.  THE  PROBLEM  OF  CALCULATING  THE 
FIELDS  IN  A  PERTURBED  STRUCTURE 

The  standard  linac  structure  operates  in  27r/3-mode.  The  left 
part  of  Fig.  1  shows  the  accelerating  field  in  a  quarter  of  a  27r/3 
muffin  tin.  Perturbing  the  position  of  the  lower  wall  of  the  2.nd 
and  3.rd  cavity  by  a  fractional  amount  of  +/-  1  percent  respec¬ 
tively  changes  the  field  pattern  to  that  of  the  right  of  Fig.  1. 
Calculating  the  field  in  this  geometry  with  MAFIA  [1]  is  possi¬ 
ble,  but  the  closeness  of  three  meshlines  at  the  lower  boundary 
gives  rise  to  numerical  problems. 

As  will  be  seen  later,  a  perturbation  of  1%  is  not  tolerable. 
As  the  perturbations  become  smaller,  the  distance  of  the  mesh¬ 
lines  decreases  also  and  the  structures  become  untractable  with 
MAFIA. 

III.  HOW  TO  SOLVE  THE  PROBLEM 

In  this  special  problem,  where  only  the  lower  planes  y  =  Vn 
of  the  cavities  are  perturbed,  calculation  of  the  fields  is  possi¬ 
ble  with  finite  differences.  The  trick  is,  not  to  extend  the  mesh 


Figure  1.  Left:  Accelerating  field  in  the  ideal  structure.  Right: 
Field  in  the  perturbed  structure 


planes  y  =  t/n  over  the  whole  volume,  but  to  define  local  mesh- 
planes  in  the  parts  of  the  volume  that  are  only  partly  coupled. 

In  figure  2  two  cells  of  a  perturbed  muffin  tin  are  shown.  It 
can  be  seen,  that  local  within  every  cavity  the  grid  can  be  made 
as  in  a  single  cavity,  since  the  fields  inside  the  tins  are  decoupled 
from  each  other. 

This  idea  has  been  implemented  as  a  computer  code  called 
GdfidL  [5].  It  handles  the  non  regular  grid  as  a  6  times  linked 
list,  where  every  cell  has  indices  to  its  six  neighbours.  With  this 
grid  definition,  it  is  not  necessary  to  discretize  inside  the  metallic 
parts  of  a  structure.  This  has  the  effect,  that  for  the  structures 
considered  here,  the  number  of  unknowns  to  be  handled  shrinks 
to  about  60%  of  the  number  necessary  for  a  regular  grid. 

The  figure  3  show  the  positions  of  grid  planes  z  —  Zn  and 
y  =  yn  in  the  cases  of  a  regular  and  a  non  regular  grid.  For 
clarity,  these  grids  discretize  cavities  with  errors  of  5  percent, 
because  smaller  errors  are  almost  invisible. 
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Figure  2.  27r/3  mode  in  a  perturbed  muffin  tin.  The  y-extension 
of  the  second  cavity  is  perturbed  by  5%. 


Figure  3.  Left:  Regular  grid,  Right:  irregular  grid,  represented 
as  a  linked  list 

IV.  ESTIMATION  OF  THE  SENSITIVITIES 

To  estimate  the  sensitivity  of  the  muffin  tins,  the  shunt 
impedance  rjQ  was  calculated  for  a  number  of  structures  with 
random  errors  in  the  cavities.  The  average  of  these  r/Q’s  is  a 
measure  of  the  sensitivity. 

GdfidL  can  discretize  arbitrarily  small  perturbations  of  the 
positions  of  the  lower  or  higher  walls  of  the  cavities,  but  can¬ 
not  discretize  small  perturbations  in  the  x-extension  of  the  cav¬ 
ities.  Therefore  only  the  positions  of  the  lower  cavity  walls  are 
perturbed. 

GdfidL  calculates  fast  and  in  small  memory,  but  cannot  cal¬ 
culate  a  side  coupled  muffin  tin  in  full  length  on  the  computer 
I  used.  Therefore  only  20  mm  long  sections  of  the  muffin  tins 
were  calculated.  These  sections  contain  24  cavities  in  the  case 
of  the  single  periodic  27r/3  structure  and  48  cavities  in  the  case 
of  the  side  coupled  structures. 

The  figures  4  and  5  present  the  averages  and  standard  devia¬ 
tions  of  the  shunt  impedances,  scaled  with  shunt  impedances  of 
the  ideal  structures.  The  ordinates  are  the  standard  deviations 
of  the  relative  errors  in  the  y-extension  of  the  cavities.  Every 
marker  in  the  curves  is  the  average  of  20  shunt  impedances  of 
structures  with  the  same  standard  deviation  of  errors.  The  wall 
of  every  single  cavity  was  randomly  perturbed,  but  the  perturba¬ 
tions  were  limited  to  2  times  the  standard  deviation. 


The  exact  geometries  that  are  analyzed  here  are  described  in 

[2]  and  [3]. 

V  CONCLUSION 

It  seems  that  in  any  case  0.5%  errors  in  the  positions  of  the 
lower  wall  are  tolerable  for  90%  of  the  optimum.  The  lumped 
circuit  approach  [4]  predicted  0.2%  frequency  errors  would  be 
ok  for  the  27r/3  structure,  0.1%  for  geometry  2  and  geometry  3. 

The  lumped  circuit  dealed  with  frequency  errors,  this  pa¬ 
per  deals  with  geometric  errors.  But  since  all  the  muffin  tins 
have  approximately  the  same  extension  in  y-  as  in  x-direction, 
the  frequency  of  a  single  cell  depends  in  the  same  way  on  the 
y-extension  as  on  the  x-extension.  The  frequency  of  a  sin¬ 
gle  cell  of  a  muffin  tin  is  approximately  given  by 

(w)  +  ( w+Ay  )  '  Therefore  a  relative  error  Ay/u;  in  the  y- 
extension  only,  as  it  was  analyzed  here,  has  the  effect  of  a  rela¬ 
tive  frequency  error  of  ^///o  « 

This  means:  when  the  lumped  circuit  allows  a  frequency  error 
of  0.2%,  this  is  equivalent  to  a  geometric  error  in  the  y-extension 
of  2  X  0.2%.  The  lumped  circuit  approach  was  valid. 
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Figure  4.  Mean  (<  ro  >)  of  the  shunt  impedances  as  a  function 
of  the  standard  deviation  of  the  errors  (|^). 
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Abstract 

The  input  couplers  and  endcells  for  a  previously  proposed 
standing  wave  muffin-tin  structure  are  designed.  Thereby  the 
problem  is  not  only  to  match  the  coupler  but  also  to  choose  the 
endcells  in  a  way  that  the  coupling  cells  are  not  excited.  The  in¬ 
put  coupler  has  to  match  the  external  Q  of  the  structure  to  the 
unloaded  Q  in  order  to  get  zero  reflection.  The  endcells  are  de¬ 
signed  to  reflect  the  forward  travelling  wave  in  such  a  way,  that 
only  the  accelerator  cells  are  excited  and  not  the  coupling  cells. 
The  calculation  of  the  endcell  behaviour  as  well  as  the  calcula¬ 
tion  of  the  external  Q’s  are  deduced  from  the  knowledge  of  res¬ 
onant  fields  only.  The  external  Q’s  are  calculated  with  the  Kroll- 
Yu  method. 

L  INTRODUCTION 

In  a  previously  published  paper  [1]  side  coupled  muffin  tins 
were  proposed.  The  structures  should  operate  in  a  confluent  tt- 
mode  and  therefore  as  standing  wave  structures.  It  follows  that 
they  only  have  input  couplers  and  no  output  couplers.  The  struc¬ 
tures  have  to  be  terminated  with  proper  endcells  to  reflect  the 
forward  travelling  wave  with  the  right  phase,  so  that  the  linear 
combination  of  forward  and  backward  travelling  wave  gives  the 
accelerating  standing  wave  pattern  in  the  main  cells. 

The  input  couplers  are  responsible  for  achieving  a  matched 
load  for  the  power  source.  For  travelling  wave  structures,  an  in¬ 
put  coupler  can  be  designed  by  minimizing  the  reflection  of  a 
structure  consisting  of  input  coupler  -  short  section  of  accelerator 
-  output  coupler,  where  the  output  coupler  has  the  same  geome¬ 
try  as  the  input  coupler.  The  reflection  of  such  a  structure  can  be 
calculated  e.g.  with  FDTD,  assuming  a  lossless  structure. 

This  does  not  work  for  standing  wave  structures,  since  they 
do  not  have  output  couplers.  Therefore  the  reflection  calculated 
with  e.g.  FDTD  would  ever  be  one  (in  magnitude)  due  to  the  as¬ 
sumption  of  no  losses.  It  is  quite  easy  to  implement  losses  in  a 
FDTD-Code,  but  it  is  not  really  necessary  for  the  task  of  finding 
an  input  coupler  for  a  standing  wave  structure. 

It  is  known,  that  the  reflection  from  a  lossy  cavity  coupled  with 
a  waveguide  is  zero,  if  the  external  Q- value  due  to  the  coupler 
matches  the  internal  Q-value  due  to  losses  (wall  losses  and  beam 
loading). 

The  Q-value  due  to  the  wall  losses  can  be  calculated  by  the 
power  loss  method,  the  beam  loading  can  be  neglected  since  we 
can  assume,  that  more  than  90%  of  the  power  will  be  dissipated 
in  the  walls. 

How  to  determine  the  external  Q?  Already  Slater  [2]  stated, 
that  the  external  Q  of  a  cavity  could  be  calculated  (or  measured) 
by  moving  a  totally  reflecting  plane  in  the  feeding  waveguide  and 
observing  the  frequency  shift  of  the  resonance.  Kroll  and  Yu  [3] 
deduced  clever  formulas  from  this  principle  to  calculate  the  ex¬ 
ternal  Q  from  only  3  frequency/position  pairs. 


Since  these  formulas  require  the  knowledge  of  resonant  fields 
only,  this  approach  fits  nicely  with  eigenvalue  solvers  like 
GdfidL  [4]. 

IL  DESIGN  OF  THE  ENDCELLS 

The  endcells  have  to  reflect  the  forward  travelling  wave  in  the 
right  way  to  produce  a  standing  wave  pattern  in  the  accelerating 
cells.  Since  this  field  is  a  standing  wave,  it  can  be  calculated  as 
an  eigenvalue  problem. 

The  optimal  endcells  produce  no  field  in  the  side  cavities  and 
flat  field  in  the  main  cavities.  Since  such  a  field  has  the  high¬ 
est  shunt  impedance,  the  optimal  endcell  configuration  can  be 
found  by  maximizing  the  shunt  impedance  as  a  function  of  the 
endcell  parameters.  It  was  found,  that  3  parameters  are  sufficient 
for  achieving  a  flat  field. 

An  iterative  approach  was  used:  maximize  the  shunt  imped¬ 
ance  with  respect  to  the  first  parameter  (gap  of  the  last  main  cell) 
the  other  two  parameters  held  fixed,  then  maximize  with  respect 
to  the  second  (width  of  the  narrow  coupling  cell),  the  other  pa¬ 
rameters  held  fixed,  then  maximize  with  respect  to  the  third.  Re¬ 
peat  this  procedure  three  times.  It  was  found  that  the  gap  of  last 
main  cell  should  be  a  factor  of  1.1  longer,  the  width  of  the  last 
wide  coupling  cell  has  to  be  increased  by  a  factor  of  1 .2,  and  the 
width  of  the  last  narrow  coupling  cell  should  be  decreased  by  a 
factor  of  0.67. 


Figure  1 .  Field  near  the  optimized  endcells. 


III.  DESIGN  OF  THE  INPUT  COUPLER 

I  use  a  flower  paddle  coupler.  This  coupler  has  two  advan¬ 
tages:  The  used  mode  in  the  feeding  waveguide  is  the  TEqi 
mode.  This  mode  has  a  small  attenuation  that  even  decreases 
with  growing  frequency.  The  other  advantage  is,  the  coupler  has 
to  be  mechanically  attached  to  only  one  side  of  the  planar  struc¬ 
ture. 
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The  internal  Q  of  the  structure  is  about  2700.  The  external  Q 
gets  calculated  with  the  Kroll-Yu  method.  To  have  short  compu¬ 
tation  times  I  do  not  calculate  the  fields  in  the  total  structure,  but 
only  a  quarter  of  a  section  near  the  coupler.  The  external  Q  of 
the  total  structure  can  be  determined  by  scaling. 

The  external  Q  is  proportional  to  the  stored  energy  in  the  struc¬ 
ture  and  inverse  proportional  to  the  power  flow  through  the  cou¬ 
pler.  For  a  linac,  the  stored  energy  is  proportional  to  the  length, 
the  power  flow  is  not.  Therefore  for  a  given  coupler  the  external 
Q  grows  linearly  with  the  structure  length. 

Actually  I  calculated  with  a  quarter  of  the  coupler  and  (3+1/2) 
half  cells  of  total  56  cells.  My  stored  energy  is  only  of 

the  total  energy,  the  power  flow  through  the  coupler  is  \  of  the 
total  power  flow.  This  means,  my  calculated  Q  values  are  a  factor 
of  4  “  ^  lower  than  if  I  had  modelled  the  total  struc¬ 

ture.  With  an  internal  Q  of  2700, 1  have  to  adjust  the  external  Q 
to  2700/8  =  340. 


Fig.  2  shows  the  field  in  the  model  structure.  Fig.  4  shows  cal¬ 
culated  values  for  the  external  Q  of  my  model  section.  It  can  be 
seen,  that  by  varying  the  x-position  of  the  coupler,  a  wide  range 
of  external  Q’s  can  be  achieved.  Fig.  3  shows  the  field  in  a  struc¬ 
ture  with  half  a  coupler.  The  ending  position  of  the  groove  is 
choosen  to  produce  a  zero  of  the  field  at  the  center  of  the  cou¬ 
pler. 
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Figure  2.  Model  which  Q  values  were  computed  for.  This  is  a 

(3+1/2)  — 

quarter  of  the  coupler  and  of  the  accelerator.  The  cou¬ 

pler  is  atx  =  7.1  mm. 


Figure  3.  Same  structure  as  above  but  with  a  half  coupler.  Ob¬ 
viously  the  field  is  the  same  in  the  linac  section,  but  the  coupling 
is  twice  as  high. 


Figure  4.  Computed  external  Q’s  as  a  function  of  the  x-Position 
of  the  coupler. 
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In  the  early  1960s,  the  Mark  III  accelerator  at  the  Stanford 
High  Energy  Physics  Laboratory  was  used  as  the  prototype 
test-bed  for  the  SLAG  Two-Mile  accelerator.  In  the  mid  1980s 
the  accelerator  was  dismantled  and  a  large  part  of  it  was 
transported  to  the  Duke  University  Free-Electron  Laser 
Laboratory  to  form  the  basis  of  the  injector  for  the  1-GeV 
Duke  Storage  Ring.  The  plan  was  to  use  the  original 
accelerator  sections  and  some  rf  equipment  with  new  magnetic 
optics,  vacuum  system,  gun  and  a  modem  control  system.  The 
first  295-MeV  portion  of  the  linac  is  now  operational  at  Duke. 
The  linac  currently  consists  of  eleven  sections  from  the  old 
linac  with  a  single-cell  rf  gun.  Our  guiding  principal  has  been 
one  of  economy  and  simplicity.  We  have  not  attempted  to 
restore  the  accelerator  to  its  original  form,  but  have  added 
modem  components  where  necessary.  We  discuss  some  of  the 
more  interesting  features  of  the  linac,  and  how  we  have  given 
new  life  to  this  venerable  machine  here  at  Duke.* 

INTRODUCTION 

The  Mark  III  electron  linear  accelerator  underwent  many 
incarnations  at  the  Stanford  High  Energy  Physics  Laboratory 
following  its  initial  construction  beginning  in  1949.  A 
description  of  the  history  up  to  the  mid  1960s  is  given  in 
reference  [1].  During  1963  and  1964  the  Mark  HI  was 
reconfigured  to  its  final  form  using  new  constant- gradient 
accelerator  sections  that  had  been  developed  for  the  SLAG 
Two-Mile  Accelerator.  By  March  1964  the  accelerator  had  32 
SLAG  sections  and  beams  of  up  to  1.2  GeV  were  being 
produced.  The  nuclear  physics  program  on  the  Mark  III 
continued  until  1970.  After  that  time  the  accelerator  was 
operated  occasionally  as  a  calibration  source  for  various 
nuclear  detectors.  The  accelerator  was  dismantled  in 
November  1985  under  the  supervision  of  its  last  operator  Don 
Lee.  One  of  the  accelerator  sections  became  the  core  of  what 
has  become  known  as  the  Mark  III  Free-Electron  Laser, 
originally  at  Stanford,  now  at  Duke.  In  1989,  26  of  the 
accelerator  sections  were  shipped  to  the  Duke  University  Free- 
Electron  Laser  Laboratory.  During  1993-94  eleven  of  the 
sections  plus  an  rf  thermionic  gun  were  configured  into  the 
initial  295-MeV  phase  of  the  injection  linac  for  the  Duke 
Storage  Ring. 

*  Work  supported  by  ONR  under  contract  NOOO 14-91 -c- 
0226 


In  its  Duke  incarnation,  the  Mark  III  linac  retains  only  the 
accelerator  sections  and  rf  loads  of  the  Stanford  machine. 
Much  of  the  original  equipment  at  Stanford  was  not  suitable 
for  use  in  a  modem  machine.  Examples  of  such  equipment 
included  1960s  vintage  oil  diffusion  pumps  and  early  versions 
of  the  SLAG  klystrons  (12  MW  peak  power!). 

When  the  accelerator  was  dismantled  it  was  found  that 
many  of  the  sections  had  been  contaminated  by  back- 
streaming  pump  oil.  The  rf-drive  cells  of  many  of  the  sections 
could  best  be  described  as  appearing  to  be  coated  with  an 
amber/black  colored  varnish  that  had  a  finely  crazed  surface. 
We  vacuum-baked  the  sections  to  400°  G  for  5-10  days  and 
then  cleaned  the  rf  input  irises  and  cavity  noses.  The 
remaining  coating  was  confined  to  the  outer  walls  of  the  cells. 


Structure  type 

SLAC  traveling  wave 

RF  frequency  (MHz) 

2856.76 

Number  of  sections 

11  +  gun 

Section  temperature  (°  Q 

30.2 

Gun 

Thermionic  RF  with 

a-magnet 

Klystron  type 

ITT  2960 

Number  of  Klystrons 

3 

Number  of  sections  per  klystron 

4 

Peak  rf  power  per  klystron  (MW) 

34 

RF  Macropulse  length  (ps) 

2 

Achieved  energy  (MeV) 

295 

Nominal  injection  energy  (MeV) 

283 

Macropulse  current  (mA) 

40 

E-beam  macropulse  length  (ns 

50-1000 

FWHM) 

Energy  spread  (macropulse)  (%) 

0.2 

Energy  jitter  (%) 

<0.1% 

Macropulse  rep.  rate  (Hz) 

2 

Table  1  Gharacteristics  and  measured  performance  of  the 
Duke  Injection  Linac 

By  the  end  of  its  life  at  Stanford,  because  of  various 
component  failures,  the  Mark  III  could  only  reach  275  MeV. 
At  Stanford  there  had  been  one  12-MW  klystron  per  section. 
At  Duke  the  plan  was  to  use  one  30  MW  klystron  for  four 
sections.  Even  though  the  planned  power  per  section  at  Duke 
(for  most  of  the  sections)  was  less  than  that  at  Stanford,  there 
was  some  concern  that  the  sections  would  be  difficult  to 
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condition  to  full  power.  These  fears  proved  to  be  largely 
unfounded.  All  of  the  sections,  except  for  one,  conditioned  in 
a  matter  of  days.  The  one  recalcitrant  section  took 
approximately  3  months  to  reach  full  power.  The  first  linac 
section  at  Duke  has  been  operated  at  15  MW  input  power. 

At  Duke  the  linac  is  housed  in  a  150-m  long  tunnel.  In  its 
present  phase  the  linac  is  47  m  long.  First  beam  reached  the 
end-station  of  the  Duke  Linac  on  October  21,  1994.  The 
design  energy  of  250  MeV  was  reached  on  November  1,  with 
first  injection  into  the  storage  ring  on  November  2.  The  linac 
beam  energy  reached  295  MeV  with  20  mA  of  beam  loading 
by  April  1995.  The  nominal  conditions  for  ring  injection  have 
been  283  MeV  at  40  mA.  Our  plans  are  to  add  a  further  22 
sections  (14  Mark  III  vintage  plus  8  new)  to  the  linac  to  reach 
a  final  energy  of  1.2  GeV. 

RF SYSTEM 

The  present  accelerator  is  powered  by  three  ITT  2960  S- 
band  klystrons.  The  accelerator  sections  are  grouped  into 
clusters,  with  each  cluster  powered  by  a  single  klystron.  The 
first  cluster  consists  of  the  gun  and  three  accelerator  sections 
with  the  remaining  two  clusters  consisting  of  four  sections 
each.  The  power  is  split  approximately  as  follows:  gun  2  MW; 
fists  section  14  MW,  all  others  7  MW.  The  nominal  energy 
increment  per  section  is  given  by  AE  (MeV)«  lOVP,  where  P 
is  the  section  input  power  in  MW.  The  maximum  observed 
beam  energy  of  295  MeV  (with  0.02  A  of  beam  loading)  is 
very  close  to  the  predicted  value  for  the  available  rf  power. 
This  indicates  that,  in  spite  of  their  age,  the  accelerator 
sections  are  performing  a  originally  specified  at  Stanford  over 
thirty  years  ago. 

The  waveguide  is  aluminum  WR-284  pressurized  to  26.2 
PSIG  with  SF5.  This  was  chosen  because  of  the  reduced 
expense  compared  with  evacuated  waveguide.  We  have  had 
no  significant  problems  with  waveguide  arcing.  The  rf  power 
is  split  using  4-port  3-dB  hybrid  couplers.  We  could  only 
afford  one  high-power  phase  shifter,  which  we  use  to  shift  the 
phase  between  the  gun  and  the  first  section.  To  phase  the 
sections  within  a  cluster  we  constructed  simple  remotely 
actuated  mechanical  “waveguide  phase  adjusters”  i.e.  push- 
pullers  that  squeeze  or  expand  the  waveguides  as  necessary  to 
adjust  the  phase’.  These  allow  ±15°  phase  adjustment  range 
for  each  accelerator  section.  Initially  the  phase  was  set  with 
the  help  of  low-power  phase  measurements.  Once  the  linac 
was  operational  we  adjusted  the  phase  shifters  for  maximum 
energy.  This  setting  was  done  only  once  and  resulted  in  an 
energy  increase  of  about  1.4%  over  the  low-power  settings. 
We  monitor  the  rf  power  using  simple  magnetic  loops  at  the 
output  of  each  accelerator  section  just  before  the  rf  loads. 

The  rf  drive  is  provided  by  a  Sperry  SAS-61  2-kW 
klystron.  When  distribution  losses  were  taken  into  account,  the 


SAS  klystron  was  unable  to  provide  the  300- W  drive 
necessary  for  each  klystron.  We  adopted  a  novel  approach  to 
rf  distribution.  We  used  the  SAS  to  drive  one  of  the  ITT 
klystrons  then  we  split  off  a  few  kW  of  the  high-power  output 
to  provide  the  drive  for  the  other  klystrons.  This  system  works 
very  well  in  practice.  The  rf  output  of  the  klystron  has  been 
flattened  by  appropriate  tuning  of  the  modulator  pulse  forming 
networks. 

Two  of  the  ITT  klystrons  have  had  an  unusual  history. 
Even  though  they  had  never  been  operated  since  leaving  the 
manufacturing  plant,  they  both  developed  leaks  while  in 
storage  at  Duke.  It  is  likely  that  the  interiors  of  both  tubes 
were  at  atmospheric  pressure  for  about  one  year.  Lacking  the 
funds  to  pay  for  refurbishment  of  the  tubes,  we  chose  to  repair 
the  klystrons  in  house^.  The  first  step  involved  diagnosing  the 
source  of  the  vacuum  leaks.  One  tube  was  found  to  have  a 
leaking  rf  output  window,  the  other  a  failed  joint  in  the  line 
leading  from  the  klystron  body  to  the  vacuum  pump.  The  tube 
with  the  leaking  window  provided  the  greatest  challenge. 
Replacing  the  window  was  beyond  our  capabilities.  We  chose 
to  add  a  second  window  by  adapting  an  accelerator- section 
input  window  to  provide  a  second  window  for  the  klystron, 
with  an  evacuated  section  in  between  the  windows.  As  a 
precautionary  measure,  we  added  a  20-1/s  ion  pump  to  the  tube 
in  addition  to  the  existing  2-1/s  pump.  Once  the  tube  was 
sealed,  pumped  and  leak-checked,  the  next  step  was  to  attempt 
to  recondition  the  barium  dispenser  cathode. 

The  first  prerequisite  was  to  bake  the  tube  to  450  °C.  This 
was  done  over  a  period  of  nine  days.  The  ultimate  pressure 
was  less  than  1  x  10^  torr.  The  cathode  heater  power  was  then 
turned  on  very  slowly,  reaching  a  maximum  power  of  400  W 
after  twenty-two  days.  Preliminary  emission  tests  at  500  V 
indicated  a  very  good  cathode  perveance  of  1.8  pPervs. 

We  then  moved  the  tube  to  our  2-|Lis,  300-kV  test 
modulator.  The  HV  conditioning  went  very  quickly  0  to  270 
kV  in  twenty  minutes.  We  found  the  peveance  to  be  1.9  |iP  at 
250  kV.  We  determined  a  saturated  gain  of  52.2  dB  at  280  kV 
and  33  MW  output  power  in  a  2-|Lis  pulse  at  10  Hz.  The 
performance  of  the  tube  met  or  exceeded  the  manufacturers 
specifications  in  all  respects.  The  tube  has  been  in  almost  daily 
use  at  full  power  and  a  1-Hz  repetition  rate  since  October 
1994.  We  have  had  no  problems  with  the  additional  rf  window 
on  the  tube. 

The  second  leaking  tube  was  also  repaired  and  now 
operates  on  a  daily  basis  along  with  its  companion. 

For  future  upgrades  to  the  linac  we  plan  to  modify  some 
old  SLAG  klystrons  manufactured  by  RCA.  Many  of  the  tubes 
that  we  have  in-house  are  capable  of  producing  no  more  than 
20  MW  in  their  present  condition.  We  believe  that  if  we 
replace  the  existing  oxide  cathodes  on  these  tubes  with  new 
dispenser  cathodes,  we  will  be  able  to  achieve  performance 
specifications  similar  to  that  of  the  ITT  tubes. 
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ELECTRON  GUN 

The  electron  gun  used  on  our  linac  is  the  same  single-cell 
thermionic  rf  gun  that  was  previously  used  on  the  MKIII  PEL 
at  Stanford  and  later  at  Duke^’^ .  For  injection  into  the  storage 
ring  a  short  multi-nanosecond  pulse  is  required"^.  This  pulse  is 
generated  by  chopping  the  electron  beam  with  a  pulsed 
electrostatic  kicker  at  an  energy  of  1  MeV  just  after  the  gun. 
We  can  generate  electron  macro-bunches  with  an  FWHM  of 
50  ns  and  40  mA  current. 

The  storage  ring  operates  at  an  rf  frequency  of  178  MHz 
and  a  bucket  spacing  of  5.5  ns.  The  present  system  delivers 
approximately  0.2  nC  per  ring  bucket  and  fills  approximately 
10-15  buckets  per  fill.  Ideal  operation  requires  a  single-bunch 
injection  of  1-2  nC  of  charge  with  a  pulse  width  of  less  than  5 
ns.  The  timing  uncertainty  should  be  less  than  1  ns.  It  would 
appear  that  a  photocathode  system  using  an  inexpensive 
pulsed  nitrogen  laser  (337  nm)  might  be  a  considered  for 
producing  such  pulses.  The  present  cathode  is  LaB^  whose 
quantum  efficiency  has  been  measured  to  be  2.5  x  10^  at  337 
nm^ 

Nitrogen  lasers  are  commercially  available  for  under  $ 
7000  that  can  produce  100-500  pJ  of  337-nm  light  in  1-5  ns 
long  pulses  with  sub-ns  timing  jitter^.  Under  ideal 
circumstances  such  lasers  could  produce  between  17  an  85  nC 
per  pulse  (2-14  linac  buckets)  at  the  cathode.  The  transmission 
efficiency  should  be  approximately  20%  to  the  ring.  (Half  the 
charge  generated  will  be  accelerated  and  up  to  40%  of  that 
will  make  it  through  the  gun  alpha-magnet.)  The  huge 
overhead  in  optical  energy  available  makes  this  an  attractive 
option.  The  peak  optical  power  density  on  the  cathode  would 
be  no  more  than  0.5  MW/cm^,  so  surface  damage  would  not 
be  a  problem.  The  system  cost  would  be  <  7  k$  not  including 
transport  optics  and  diagnostics.  We  are  considering  this  as  an 
upgrade  to  our  system. 

OTHER  SYSTEMS 

The  control  and  diagnostic  systems  are  lean  and  effective. 
A  description  of  the  control  system  is  given  in  a  companion 
paper^. 

The  electron  beam  diagnostic  system  is  very  simple. 
Current  is  monitored  using  six  beam  current  toroids  and  one 
fast  stripline  wall-current  monitor.  Beam  position  and  match 
are  monitored  using  six  chromium-doped  aluminum-oxide 
insertable  screens  viewed  by  inexpensive  vidicon  cameras. 
Energy  is  monitored  with  two  nine-degree  magnetic 
spectrometers,  one  after  the  first  accelerator  section  (35  MeV) 
and  one  at  the  end  of  the  linac.  Pulse  temporal  structure  is 
monitored  by  two  methods.  One  uses  a  photomultiplier  tube 
that  looks  at  the  synchrotron  radiation  from  the  electron  beam 


as  it  bends  in  the  high  energy  spectrometer.  The  other  method 
uses  a  fast  stripline  wall-current  monitor  at  the  high-energy 
end  of  the  machine. 

The  magnetic  lattice  consists  of  quadrupole  pairs  between 
each  accelerator  cluster.  Each  quadruple  has  integral  two-axis 
steering.  Each  accelerator  section  is  covered  with  p-metal 
sheet  to  block  stray  magnetic  fields. 

In  contrast  to  the  original  vacuum  system,  with  its  welded 
flanges,  we  installed  the  latest  in  HV  conflat  hardware  with 
copper  gaskets.  All  pumping  is  done  with  20-1/s  ion  pumps, 
one  per  accelerator  section. 

CONCLUSION 

As  is  evident  from  the  description  above  the  guiding 
principal  in  our  design  and  construction  philosophy  has  been 
one  of  strict  economy.  Wherever  possible  we  have  procured 
equipment  from  government  surplus.  We  estimate  that  our 
total  expenditure  on  external  procurements  for  the 
construction  of  the  linac  so  far  is  under  1M$.  This  has  resulted 
in  a  reliable  system  that  has  exceeded  specifications,  and 
given  new  life  to  a  venerable  accelerator. 
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COLD  MODEL  TEST  OF  BIPERIODIC  L-SUPPORT  DISK- AND- WASHER 

LINAC  STRUCTURE 

Y.  Iwashita,  A.  Noda,  H.  Okamoto,  T.  Shirai,  and  M.  Inoue, 

Accelerator  Laboratory,  Nuclear  Science  Research  Facility,  Institute  for  Chemical  Research, 
Kyoto  University,  Gokanosho,  Uji,  Kyoto  611,  JAPAN 


Cold  model  test  of  a  biperiodic  L-support  Disk-and- 
Washer  linac  structure  is  performed.  Each  washer  is  supported 
by  two  L-shaped  supports  180°  apart  azimuthally.  The 
structure  is  a  variant  of  the  biperiodic  4-T  support  DAW[1]. 
Because  the  coupling-mode  frequency  is  pushed  up  by  the 
supports,  it  should  be  compensated  to  coincide  with  the 
accelerating  frequency.  The  biperiodic  supports  also  break  the 
uniformity  of  the  field  distribution  on  the  axis.  The 
compensation  methods  against  these  perturbations  are 
described. 

L  INTRODUCTION 

An  electron  linac[2]  has  been  installed  at  the  Accelerator 
Laboratory,  Institute  for  Chemical  Research,  Kyoto 
University.  It  is  mainly  intended  as  the  injector  for  the  electron 
storage  ring  KSR  [3,4],  which  is  being  assembled.  The  disc- 
loaded  wave-guides  are  installed  as  the  accelerator  tubes, 
which  are  operated  at  2857MHz.  Because  of  the  limited  space 
in  the  building,  only  three  of  3-m  accelerator  tubes  can  be 
installed.  The  available  RF  power  from  a  klystron  is  up  to  20 
MW  for  each  tube,  and  then  the  output  electron  energy  is 
expected  to  be  about  100  MeV  at  the  peak  current  of  100  mA. 
In  order  to  have  a  shorter  damping  time  in  the  storage  ring, 
however,  the  higher  injection  energy  is  desirable.  A  new 
accelerating  tube  with  a  higher  shunt  impedance  is  thus 
required  to  achieve  the  higher  accelerating  gradient  with  the 
same  input  RF  power. 

A  cold  model  made  of  Aluminum  is  fabricated  to  study  the 
possibility  of  a  DAW  structure  with  biperiodic  washer 
supports.  The  results  of  the  cold  model  test  are  described. 


IL  BIPERIODIC  L-SUPPORT  DAW 

The  DAW  structure  has  outstanding  features  in  high 
stability,  good  vacuum  properties,  high  shunt  impedance,  and 
ease  of  fabrication[5].  It  was  found  that  the  mode  overlapping 
problem  can  be  overcome  by  the  biperiodic  support 
configuration  with  the  careful  choice  of  the  tank  diameter  (See 
Fig.  1).  There  is  variety  of  options  for  DAW  linac  structure 
with  such  washer  support.  For  example,  in  the  configuration 
with  a  large  tank-diameter,  the  operating  frequency  drops 
between  two  split  TMll(-like)  mode  passbands,  and  the  shunt 
impedance  is  higher.  When  the  tank  diameter  is  small,  both 
passbands  are  above  the  operating  frequency,  and  the  mode 
density  is  smaller.  The  basic  configuration  described  here  is 
the  extension  of  the  PIGMI[6]  geometries,  except  for  the 
thicker  washers  and  the  reduced  tank  diameter  by  20%.  This 
geometry  has  fewer  undesirable  modes  and  a  shorter  filling 
time  compared  with  the  large  diameter  4-T  support  DAW .  The 
washer  thickness  is  increased  for  the  cooling  water  channels 
inside  the  washers.  Because  the  L-support  configuration  has 
only  two  supports  on  a  washer,  there  are  only  one  inlet  and 
one  outlet  for  the  cooling  water.  This  may  simplify  the 
fabrication  problem  compared  with  the  4-T  support  geometry, 
which  has  two  inlets  and  two  outlets  on  the  washer [7].  A 
typical  design  specification  based  on  SUPERFISH  calculation 
is  listed  in  Table  1. 

III.  TUNING  METHOD 

The  positions  of  the  washer  supports  are  determined  so 
that  their  effect  on  the  accelerating  mode  is  minimized.  Then, 
the  coupling  mode  frequency  is  inevitably  disturbed  by  the 
existence  of  the  supports,  and  its  frequency  is  pushed 
up.  Ideally,  fc  should  be  coincide  with  the  accelerating¬ 
mode  frequency,  then  some  compensation  procedure  is 
needed.  Besides  this  effect,  the  biperiodicity  of  the 
supports  breaks  the  uniformity  of  the  electric  field 
distribution  on  the  axis.  Because  the  supports  reduce 
the  electric  field  around  them,  the  coupling  coefficients 
between  the  cells  are  not  uniform,  yielding  the 
biperiodic  modulation  on  the  field.  In  order  to  improve 
the  coefficient  unbalance,  the  disk  radii  Rdn  and  Rds 
(see  Fig.  2)  are  changed  biperiodically;  namely,  the 
disks  with  the  washer  supports  have  a  larger  radius 
than  that  without  supports,  which  enlarges  the  disk- 
washer  opening.  Thus,  the  coupling  coefficients  are 
enhanced  biperiodically,  and  the  coupling  frequency  is 
corrected  by  adjusting  the  average  of  Rdn  and  Rds. 
Finally  the  accelerating  frequency  will  be  tuned  by 
modifying  the  washer  radius  Rw. 
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Fig.l  DAW  with  Biperiodic  support 
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IV.  MEASUREMENTS 


V.  RESULTS 


The  measurements  are  performed  with  a  six-washer 
geometry.  The  coupling  mode  frequency  is  measured  in  the 
geometry  with  the  half  washer  endplates,  which  has  three 
disks  with  supports  and  three  disks  without  support  (See  Fig. 
3-a).  Although  the  simple  biperiodicity  of  the  total  system  is 
broken,  this  geometry  will  give  the  correct  coupling  frequency 
[1].  There  is  another  option  of  the  support  direction;  namely, 
the  quad-periodic  geometry  where  the  support  direction 
changes  alternatively  (See  Fig.  3-b).  Although  we  measure 
both  configurations,  the  biperiodic  one  is  of  concern. 
Considering  the  fact  that  Rt  indicated  in  Fig.  2  also  affects  the 
field  distribution,  three  sets  of  the  supports  with  different 
lengths  (different  Rt)  are  prepared.  Photos  1  and  2  show  the 
typical  parts  for  the  model  cavity,  and  the  close  view  of  the 
disk-support-washer  assembly. 

Figure  4  shows  the  geometry  for  the  accelerating-mode 
measurement.  The  configuration  of  the  measurement  system 
for  the  field  distribution  on  the  axis  is  shown  in  Fig.  5.  The 
resonant  frequency  is  tracked  by  the  Phase  Locked  Loop.  The 
feedback  voltage  to  the  DC-FM  input  of  Synthesized  Signal 
Generator  is  recorded  as  the  frequency  shift  due  to  the  bead- 
pull-perturbation. 


Rc/A, 

0.585 

- 

6 

1.0 

- 

Frequencv 

2.856 

GHz 

L=BA/4 

26.24 

mm 

Rc  (cavity  radius) 

61.40 

mm 

Rd  (disk  radius) 

49.6 

mm 

Td  (half  disk  thickness) 

12.53 

mm 

Rw  (washer  radius) 

42. 

mm 

Tw  (half  washer  thickness) 

2.5 

mm 

0  (nose  angle) 

30 

degree 

Rn  (nose  radius) 

1.2 

mm 

Rb  (bore  radius) 

5.13 

mm 

G (gap) 

14.84 

mm 

Rt  (supporting  point) 

32.3 

mm 

Rr  (support  curvature) 

9. 

mm 

Table  1  DAW  cavity  dimensions 


Fig.  2  Notations  for  DAW  dimensions 


Figure  6  shows  the  frequencies  of  the  coupling  mode  and 
the  accelerating  mode  as  a  function  of  Rdn.  Rds  is  46mm  in 
this  case.  The  coupling  mode  frequency  increases  with  the 
Rdn,  while  the  accelerating  mode  frequency  does  not  change 


(a) 


(b) 


Vertical 

plane 


Horizontal 

plane 


Vertical 

plane 


Horizontal 

plane 


Fig.  3  Geometry  for  the  measurement  of  the  coupling  mode 
frequency,  (a)  biperiodic  (b)  quad-periodic. 


Fig.  4  Geometry  for  the  accelerating  mode 


Photo  1  The  typical  parts  for  the  DAW  cold  model 


Photo  2  Close  view  of  the  disk-support-washer  assembly 
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Fig.  5  Phase  Locked  Loop  for  the  Bead  Perturbation  Method 

much.  The  typical  result  of  the  field  distribution  measurements 
is  shown  in  Fig.  7.  The  values  of  field  strength  are  taken  at  the 
center  of  the  cell  where  the  strength  has  dip,  then  the  values 
are  averaged  among  the  cells  with  supports  or  those  without 
support.  Figure  8  shows  the  uniformity  of  the  field  distribution 
on  the  axis  as  a  function  of  Rdn,  which  is  the  ratio  of  electric 
field  strength  in  the  cell-with-supports  to  that-without-support. 

It  is  confirmed  that  the  uniformity  can  be  controlled  by 
adjusting  the  difference  between  Rds  and  Rdn.  The  coupling 
mode  frequency  could  be  controlled  by  modifying  the  average 
of  Rds  and  Rdn.  The  dimensions  of  Rdn,  Rds,  and  Rw  may  be 
good  parameters  to  meet  the  three  requirements;  1)  fa  and  2)  fc 
should  match  to  the  operating  frequency,  3)  the  field 
distribution  should  be  as  uniform  as  possible.  The  research  for 
the  tuning  process  is  going  on. 


Fig.  6  (a)  Coupling  mode  frequency  as  a  function  of  Rdn, 

(b)  Accelerating  mode  frequency  as  a  function  of  Rdn, 
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Fig.  8  Field  uniformity  as  a  function  of  Rdn 
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COMPACT  LOW  ENERGY  CW  LINAC  WITH  HIGH  BEAM  CURRENT 


A. Alimov,  A.Chepumov,  O.Chubarov,  D.Ermakov,  K.Gudkov,  B.Ishkhanov,  LPiskarev,  V.Shvedunov, 
A.Shumakov,  Institute  of  Nuclear  Physics,  Moscow  State  University,  119899,  Moscow,  Russia. 


1.  INTRODUCTION 

Up  till  now  the  main  sources  of  electrons  with  high 
average  power  at  low  energies  were  DC  accelerators  and 
pulsed  linear  accelerators.  Development  of  new  technologies 
requires  an  increase  of  electron  beam  energies  up  to  10  MeV 
and  beam  powers  up  to  hundreds  kW.  For  these  aims  a  CW 
mode  of  operation  is  more  preferable.  However,  development 
of  powerful  CW  linacs  faces  a  number  of  problems. 

1.  Because  of  relatively  low  values  of  accelerating  fields 
in  a  CW  mode  and  a  high  average  power  of  an  electron  beam, 
effective  capturing  of  the  particles  into  acceleration  and  further 
acceleration  without  losses  present  a  serious  problem. 

2.  Powerful  accelerators  require  RF  klystrons  with  high 
average  power  and,  as  a  rule,  can  be  designed  only  as  multi¬ 
section  accelerators,  each  section  being  supplied  by  a  separate 
klystron. 

3.  Characteristics  of  the  accelerator  structures  are  to  be 
optimised  to  reach  maximum  characteristics  of  CW  linacs. 

The  present  paper  deals  with  the  experimental 
investigation  of  electron  capturing,  design  of  a  simple  RF 
power  system  for  multi- section  accelerator,  and  beam 
acceleration  at  the  prototype  accelerator  with  two  accelerator 
sections. 

II.  ACCELERATOR  DESCRIPTION. 
ACCELERATOR  STRUCTURE 
PARAMETERS 

The  block-diagram  of  a  prototype  two-section  accelerator 
is  shown  in  Fig.l.  A  DC  electron  beam  of  the  gun  (E-gun)  [1] 
with  the  energy  from  70  to  100  keV,  current  from  0  to  16  mA, 
and  normalised  transverse  emittance  5  mm*mrad  enters  the 
buncher  cavity  (B).  As  a  buncher  we  use  a  cylindrical  copper 
cavity  with  TMqio  mode  at  a  frequency  of  2450  MHz.  The 


E=1 .2  MeV  E=600  keV  E=80  keV 

1=8.4  mA  1=8.4  mA  1=16  mA 

P=10kW  P=6kW 


Fig.l.  Block-diagram  of  the  accelerator. 

buncher  has  a  probe  for  power  supply  and  a  probe  for  field 
control.  Fine  frequency  tuning  of  the  buncher  is  made  by  a 


tuning  plunger  in  the  range  of  2450±2  MHz.  Loaded  quality 
factor  of  the  cavity  =  3500  with  a  coupling  constant  1.0. 

The  calculated  value  of  intrinsic  quality  factor  Qo  =  9000, 
shunt  impedance  R  =  1.4  MQ.  After  the  buncher  the  beam 
enters  the  first  accelerator  section  with  graded-P  (Sj  ),  which 
accelerates  the  beam  up  to  600  keV.  The  output  beam  of  the 
first  section  passes  through  a  cooled  aperture  (A)  with  a 
diameter  of  10  mm,  which  serves  as  a  low-  energy  filter,  and 

enters  the  second  accelerator  section  (S2  )  with  tapered-P 
which  accelerates  the  beam  up  to  the  energy  of  1.2  MeV. 
Beam  power  and  current  at  the  accelerator  output  are  measured 
by  the  Faraday  cup  (FC).  To  focus  the  beam  solenoidal  lenses 
Lj  and  L2  are  used.  Beam  alignment  is  carried  out  by 
steerers  Stj  and  St2  . 

The  accelerator  was  constructed  with  two  accelerator 
sections  first  designed  for  the  injector  linac  of  Moscow  CW 
RTM  [2,3].  Both  sections  are  made  on  the  basis  of  on-axis 
coupled  accelerator  structure  with  effective  shunt  impedance 
78  MQ/m  (for  P  =  1)  and  operation  frequency  2450  MHz.  The 
first  section  consists  of  9  accelerating  cells  with  p  from  0.582 
(1^^  cell)  to  0.869  (9^^  cell).  The  second  section  consists  of  7 
accelerating  cells  -  first  three  cells  have  P  =  0.945,  next  three 
cells  have  P  =  0.975.  Both  sections  have  circumferential 
cooling  only  [3].  Loaded  quality  factors  for  both  sections  are 
Ql=  7000,  and  the  coupling  constant  with  a  feeding 
waveguide  is  1.2  (overcoupling). 

III.  RF  POWER  SUPPLY  SYSTEM 

One  of  the  problems  of  CW  operation  of  accelerator 
structures  is  a  shift  of  a  resonant  frequency  resulting  from 
thermal  deformations  of  the  structure  during  start-up.  This 
frequency  shift  depends  on  a  level  of  RF  power  losses  and  on 
cooling  efficiency.  For  our  accelerator  structure  with 
circumferential  cooling  the  frequency  shift  can  exceed  a 
bandwidth  of  a  resonant  curve  at  a  moderate  level  of  RF 
losses  (20  kW/m  at  RF  frequency  2450  MHz)  [3].  Dependence 
of  the  structure  resonant  frequency  on  the  dissipated  RF  power 
results  in  an  asymmetry  of  a  resonant  curve  which  can  be 
interpreted  as  a  non-linear  resonance. 

Under  these  conditions  the  most  simple  and  reliable 
method  of  operation  of  a  single-section  accelerator  is  a  self- 
excited  mode  in  a  positive  feedback  loop  between  klystron  and 
accelerator  section.  In  this  mode  of  operation  the  system 
oscillates  at  a  section’s  resonant  frequency  and  a  klystron's 
frequency  follows  it  automatically. 
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A  transition  from  one  accelerator  section  to  two 
accelerator  sections  complicates  the  structure  of  a  RF  system. 
The  complication  arises  from  the  necessity  to  phase  the 
sections  and  from  a  presence  of  different  frequency  shifts  of 
the  sections.  As  a  result  the  second  section  can  not  operate  in  a 
self-excited  mode,  and  should  be  driven  by  a  reference  signal 
of  the  first  section. 

The  block-diagram  of  the  accelerator  RF  system  is  shown 
in  Fig.2.  22  kW  CW  klystrons  (K^  and  K2  )  at  the  frequency 
2450  MHz  [3]  are  used  to  drive  the  accelerator  sections.  The 
klystrons  are  isolated  from  the  sections  by  T-circulators  (C^ 
and  C2  ).  The  first  section  (Sj  )  operates  in  a  self-excited 

mode  and  forms  a  reference  signal  for  the  second  section  (S2  ) 
and  the  buncher  (B).  The  signal  of  the  first  section  which  is 
taken  from  the  RF  probe  passes  through  the  electrically  driven 

coaxial  phase-shifter  (92)  attenuator  (A^  )  and 

enters  the  klystron.  Phase  conditions  of  self-excitation  are 
chosen  by  the  phase-shifter.  The  feedback  p-i-n  attenuator 
regulates  the  output  power  of  the  klystron  and, 
consequently, the  amplitude  of  the  accelerating  field.  Reflected 
power  level  is  controlled  by  a  diode  Dj  ,  the  accelerating  field 


Fig.  2.  Block-diagram  of  the  accelerator  RF  system. 

amplitude,  by  a  diode  D2  .  D2  -signal  is  used  by  the  system  of 
amplitude  stabilisation,  which  controls  a  p-i-n  attenuator  (Aj  ) 
current  stabilising  the  amplitude  of  the  accelerating  field  in  the 
first  section  at  the  level  of  10“^.  Such  a  stabilisation  is  very 
essential  for  our  system  with  high  beam  loading.  A  part  of  the 
klystron's  power  (~  60  W)  is  used  to  drive  the  buncher.  The 
signal  is  taken  from  a  probe,  located  in  the  output  waveguide 
of  the  klystron.  A  part  of  the  output  section’s  signal  from  the 

directional  coupler  (DC^  )  is  used  for  monitoring  phase 
differences  between  the  first  and  the  second  sections,  the  first 
section  and  the  buncher,  for  frequency  measurements,  and  as  a 
reference  signal  for  driving  the  second  accelerator 

section.Start-up  of  the  second  section  (S2  )  is  carried  out  in  a 


self-excited  mode  [3].  A  positive  feedback  loop  of  S2 
contains  the  p-i-n  attenuator  (A3  )  and  the  phase-shifter  (94). 
The  positive  feedback  loop  is  being  closed  with  a  help  of  the 
RF  switch  (Sw)  which  has  two  input  connectors  and  one  output 
connector.  The  attenuator  and  phase-shifter  adjust  the  phase 
and  amplitude  of  self-excited  oscillations,  providing  the  RF 
power  to  reach  the  operating  level.  When  the  section's  resonant 
frequency  coincides  with  that  of  the  first  section,  the  klystron's 
(K2  )  drive  is  switched  from  the  feedback  loop  to  the  reference 
signal  of  the  first  section.  Phase  and  amplitude  of  the  reference 
signal  are  adjusted  by  the  4-W  RF  amplifier  (Amp),  p-i-n 
attenuator  (A  2  ),  and  phase-shifter  (93).  Reflected  power  level 
is  controlled  by  a  diode  D3  ,  the  accelerating  field  amplitude, 
by  a  diode  D4  .  D4  -signal  is  also  used  for  amplitude 
stabilisation  at  the  level  of  10"^.  A  part  of  the  output  section's 
signal  from  the  directional  coupler  (DC  2  )  is  used  for 
monitoring  the  phase  difference  between  the  first  and  the 
second  sections  and  for  frequency  measurements. 

The  sources  of  frequency  instability,  such  as  cooling 
water  temperature  and  flow,  change  practically  in  the  same 
way  for  both  sections  and  do  not  destructively  influence  the 
system  operation. 

IV.  BEAM  ACCELERATION 
EXPERIMENTS 

Beam  acceleration  experiments  were  carried  out  in  three 
stages.  At  the  first  stage  the  buncher  was  switched  off  and  we 
chose  the  phase  difference  between  sections  1  and  2  to  obtain 
maximum  current  and  maximum  beam  power  at  the  Faraday 
cup.  Dependence  of  the  beam  current  on  the  phase  difference 
between  the  accelerator  sections  is  shown  in  Fig.  3. 


Fig.  3  Dependence  of  the  beam  power  on  the  phase 
difference  between  the  sections. 

The  measurements  were  made  at  gun  voltage  U  =  80  kV, 
cathode  current  I^ath  =  6.5  mA.  Maximum  output  parameters 
of  the  accelerator  obtained  without  the  buncher  were  as 
follows:  beam  energy  1.2  MeV,  beam  current  5.5  mA  (cathode 
current  16  mA),  beam  power  6.6  kW. 

At  the  second  stage  we  switched  on  the  buncher  and 
chose  the  buncher  phase  (respective  to  the  phase  of  section  1) 
and  the  buncher  amplitude  (in  these  measurements  section  2 
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was  switched  off).  Dependence  of  the  output  beam  current  on 
the  buncher  phase  is  shown  in  Fig.4. 


Fig.  4,  Dependence  of  the  output  beam  current  on  the 
buncher  phase. 

The  dependence  has  the  expected  sinus  form  and  makes  it 
possible  to  choose  the  optimal  phase  of  the  buncher.  It  was 

measured  at  gun  voltage  U  =  80  kV,  cathode  current  Icath= 
mA,  section  power  buncher  power  Pg  =  60 

W.  The  output  beam  energy  was  600  keV.  Fig.5  shows  the 
dependence  of  the  output  beam  current  after  the  first  section  on 
the  power,  dissipated  in  the  buncher.  The  measurements  were 
made  at  the  optimal  value  of  buncher  phase.  The  buncher 
power  was  regulated  from  0  to  66  W.  This  dependence  was 

measured  at  gun  voltage  U  =  80  kV,  cathode  current  Icath= 
mA;  beam  energy  after  the  first  section  was  600  keV.  With  our 
experimental  layout  (Fig.l)  the  electrons  which  were  not 
captured  into  acceleration  by  the  first  section  can  not  reach  the 

Faraday  cup  because  the  focusing  length  of  the  lens  L2  for 
low  energy  electrons  is  several  centimetres,  and  these  electrons 
cannot  pass  through  the  aperture.  Hence,  the  capture  efficiency 


Fig.  5  Dependence  of  the  output  beam  current  on  the 
buncher  power. 

can  be  estimated  as  a  relation  of  the  current  at  the  Faraday  cup 
to  the  cathode  current  of  the  gun.  Beam  energy  was  estimated 
using  a  relation  of  the  measured  beam  power  to  the  measured 
beam  current.  From  Fig.5  the  capture  efficiency  is  equal  to 
35%  when  the  buncher  is  switched  off,  and  increases  up  to 
53%  at  the  optimal  level  of  buncher  power  40  -  66  W. 

At  the  third  stage  we  carried  out  beam  acceleration 
experiments  with  two  accelerator  sections  and  the  buncher  for 
optimal  values  of  RF  phases  and  RF  amplitudes.  The 


maximum  value  of  beam  current  was  limited  by  the  parameters 
of  the  gun  power  supply  and  amounted  to  16  mA.  Dependence 
of  the  beam  power  on  the  cathode  current  up  to  16  mA  was 
linear.  This  means  that  space  charge  effects  have  no  essential 
influence  at  these  currents.  With  the  cathode  current  of  16  mA, 
capture  efficiency  of  53%,  the  output  beam  current  was  equal 
to  8.4  mA  at  beam  energy  of  1.2  MeV.  This  corresponds  to 
beam  power  of  10  kW.  The  value  of  beam  power,  measured  by 
the  Faraday  cup,  was  also  10  kW.  The  accelerator  operated 
under  these  conditions  for  several  hours  without  additional 
tuning  of  its  parameters. 

V.  SUMMARY 

The  prototype  two-section  CW  linear  accelerator  with  a 
simple  RF  power  supply  system  was  constructed.  The  electron 
beam  with  the  energy  of  1.2  MeV  and  beam  power  of  10  kW 
was  obtained. 

CW  linear  accelerator  of  this  type,  to  our  opinion,  has  the 
following  advantages  and  perspectives: 

1.  The  accelerator  is  rather  compact.  The  weight  of  the 
two-section  accelerator  with  radiation  shielding  is  -2000  kg 
(without  electron  gun  and  klystrons  power  supply).  The  length 
of  the  accelerator  itself  (without  the  gun  and  the  buncher)  is  ~1 
m,  so,  the  power  gradient  is  -10  kW/m  and  the  energy  gradient 
1.2  MeV/m.  As  it  was  mentioned  above,  the  beam  current  in 
our  experiments  was  limited  by  the  gun  power  supply.  A 
reserve  of  klystrons  power  (maximum  power  22  kW)  makes  it 
possible  to  accelerate  beam  currents  of  20  mA  with  the  same 
energy  gradient  1.2  MeV/m.  Preliminary  PARMELA 
calculations  with  space  charge  show  that  this  current  can  be 
accelerated  without  compensating  the  space  charge  influence. 
Accounting  for  the  53%  capture  efficiency  a  beam  current  of 
20  mA  corresponds  to  a  reasonable  value  of  a  cathode  current 
-40  mA.  In  this  case  the  power  gradient  increases  up  to  -24 
kW/m  with  the  same  energy  gradient  of  1 .2  MeV/m. 

2.  Beam  energy  and  beam  power  can  be  increased  by 
adding  accelerator  sections  with  p=l.  RF  power  supply  system 
for  each  new  accelerator  section  will  be  quite  similar  to  the  RF 
system  of  the  second  section  of  the  described  accelerator. 
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A  C-band  (5712  MHz  )  rf  system  for  a  500  GeV  to  1 

TeV  e'^e"  linear  collider  is  proposed.  An  accelerating  gradient 
of  30  MV/m  ( including  beam  loading  )  is  generated  by  50 
MW  C-band  klystrons  in  combination  with  an  rf-compression 
system.  The  klystron  and  its  power  supply  can  be  fabricated 
by  conventional  technology.  The  straightness  tolerance  for  the 
accelerating  structures  is  30  |xm,  which  is  also  achievable 
with  conventional  fabrication  processes.  No  critical  new 
technology  is  required  in  a  C-band  system.  Therefore  a  reliable 
system  can  be  constructed  at  low  cost  with  the  minimum  of 
R/D  studies. 


1.  INTRODUCTION 

The  choice  of  rf  frequency  for  the  main  linac  is  one  of  the 

most  critical  issues  for  ^ e“  linear  colliders.  R/D  work  has 
been  done  at  several  frequencies  ranging  from  L-  to  X-band, 
and  even  beyond  to  30  GHz[l,2].  The  principal  theories 
required  to  design  the  linear  collider  have  been  well 
established,  and  the  firsbrder  designs  of  these  systems  have 
been  almost  completed. 

However,  several  important  practical  problems  concerning 
the  main  linac  have  not  yet  been  satisfactory  solved:  how  to 
fabricate  the  accelerating  structure  with  the  tight  tolerances 
required  at  the  high  frequencies;  how  to  develop  high-power 
klystrons  with  reasonable  power-efficiency,  life-time  and 
focusing  system;  how  to  provide  high  voltage  for  klystron 
with  reasonable  efficiency;  and  most  important  at  all:  how  to 
reduce  the  construction  cost.  These  difficulties  are  intimately 
related  to  the  detailed  design  of  the  hardware,  which  mostly 
depends  on  the  choice  of  the  rf  frequency. 

In  1992,  we  proposed  a  C-band  system  as  the  best  solution 
for  reaching  500  GeV  center  of  mass  ( c.m.  )  energy,  one  that 
does  not  require  critical  technology[l].  In  this  paper,  some 
advantages  of  the  C-band  system  and  details  of  the  current 
design  will  be  described. 

II.  ADVANTAGES  OF  C-BAND  SYSTEM 

From  the  point  of  view  of  structure  efficiency,  a  higher 
frequency  is  desirable,  since  the  shunt  impedance  scales  with 
the  frequency  as 

.  (1) 

This  is  the  main  reason  for  choosing  a  higher  frequency  than 
the  traditional  S-band  frequency.  For  example  at  X-band,  the 
shunt  impedance  becomes  twice  as  high  as  at  S-band,  which 
means  we  can  get  the  same  accelerating  gradient  with  half  of 
the  input  rf  power.  However,  when  a  beam  is  accelerated,  the 
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effective  accelerating  gradient  is  lowered  due  to  beam  loading. 
This  effect  is  more  severe  in  a  higher  shunt  in:q)edance 
structure,  and  thus  the  net  accelerating  gradient  does  not 
simply  increase  as  eq.  (1).  To  make  use  of  the  benefits  of  the 
high  shunt  impedance  at  higher  frequency,  we  need  to  increase 
the  peak  input  power  per  unit  length  proportional  to  eq.  (1). 
Unfortunately,  the  peak  power  available  from  a  klystron  tends 
to  go  down  at  higher  frequencies.  For  this  reason,  extaisive 
long-term  R/D  programs  are  under  way  trying  to  realize  very 
high  power  klystrons  at  the  higher  frequency  bands. 

Another  difficulty  at  the  higher  frequency  bands  is  the  very 
strong  single-  and  multi-bunch  wakefield  effects.  Recent 
studies  have  almost  solved  the  multibunch  problem  by  means 
of  damped  and/or  detuned  structures.  In  our  case,  we  plan  on 
using  the  choke  mode  cavity  structure[3]  running  at  C-band. 
This  structure  strongly  damps  the  higher  modes,  so  that  the 
multibunch  instability  should  be  no  problem.  However,  still 
there  is  the  single-bunch  wakefield  effect  to  consider,  one  that 
can  cause  single-bunch  emittance  dilution  in  the  main  linac. 
The  alignment  tolerance  of  the  accelerating  structure  due  to 
this  effect  scales,  assuming  the  gradient  and  lattice  fixed,  as; 


where  a  is  the  beam  hole  radius  and  Wj  is  the  single  bunch 
transverse  wake  function.  Equation  (2)  shows  that  the 
tolerance  decreases  dramatically  as  the  frequency  increases.  In 
the  case  of  X-band,  the  alignment  tolerance  of  the  structure 
becomes  256  times  tighter  than  the  S-band  case. 

As  a  compromise  between  the  above  considerations,  we 
consider  C-band  to  be  the  best  choice  of  firequency.  The  shunt 
impedance  can  be  as  high  as  55  MQ/m  (  including  25  % 
degradation  due  to  the  damping  structure)  while  the 
straightness  tolerance  is  30  |JLm,  which  is  achievable  using 
conventional  brazing  techniques[5]. 

If  we  look  at  the  practical  details  of  the  rf  system,  we  will 
find  that,  additionally,  C-band  has  a  big  advantage  in  the 
power  supply  (  modulator  )  that  is  needed  for  the  klystron. 
The  filling  time  of  rf  field  into  the  disk-loaded  structure  is 
given  by 


(0 

where  Q  is  quality  factor,  and  X  is  the  attenuation  constant  of 
the  structure,  which  is  usually  chosen  close  to  0.5.  We  see 
that  the  filling  time  becomes  shorter  at  higher  frequencies. 
Typically,  it  is  900  nsec  at  S-band,  300  nsec  at  C-band  and 
100  nsec  at  X-band.  Assuming  a  compression  ratio  of  5  in 
the  pulse  compressor,  and  including  a  beam  pulse  length,  the 
pulse  length  at  the  klystron  output  becomes  9  |xsec  at  S-band, 
3  jJLsec  at  C-band  and  800  nsec  at  X-band.  A  pulse  length  800 
nsec  at  X-band  is  rather  short,  requiring  the  development  of  a 
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special  modulator  which  provides  a  high  voltage  (HV)  pulse 
with  a  fast  rise  and  fall  time.  On  the  other  hand,  in  the  case  of 
S>band,  to  get  a  HV  pulse  of  9  jLisec  length  from  a 
conventional  modulator,  a  long  pulse  forming  network(  PFN ) 
line  and  a  large  volume  transformer  are  required.  The  pulse 
length  of  3  jisec  in  C-band  is  quite  suitable  to  the 
conventional  klystron  modulators  of  a  simple  single-line 
PFN.  Among  the  R/D  programs,  the  major  goal  for  the 
klystron  modulator  is  quite  simple:  reduce  its  cost.  For  the 
C-band  power  supply,  since  it  is  not  necessary  to  develop 
special  technology,  we  can  construct  a  reliable  system  at 
lower  cost. 


III.  SYSTEM  DESCRIPTION 

The  machine  parameters  of  the  C-band  system  are 
summarized  in  Table- 1.  In  the  500  GeV  c.m.  energy  case,  we 
accelerate  72  bunches  in  one  pulse,  and  operate  the  machine  at 
150  Hz  to  get  a  luminosity  of  1x10^"^  /cm^/s. 

Fig.  1  shows  the  schematic  diagram  of  the  rf  system.  The 
output  power  of  the  klystron  is  enhanced  by  a  factor  of  3.5  by 
the  SLED-II  type  compressor;  this  is  fed  into  two  structures 
to  get  a  net  accelerating  gradient  of  29.3  MV/m,  We  need  7.8 
km  of  active  length  to  reach  a  beam  energy  of  250  GeV. 

A.  Klystron  Modulator  (  Pulse  Module  ) 

The  HV  pulse  modulator  generates  a  310  kV  and  2.4  pisec 
flat  top  pulse.  Since  this  level  of  voltage  and  pulse  length  aie 
normal  in  conventional  modulators,  no  special  R/D  is  required 
for  the  modulator.  We  assume  a  power  efficiency  of  80  %, 


which  is  a  reasonable  estimate  considering  existing  klystron 
modulators. 

B.  Klystron 

The  C-band  klystron  is  a  50  MW  klystron.  We  assume  a 
power  efficiency  of  45  %,  which  seems  reasonable  if  we  scale 
from  existing  S-band  klystrons  such  as  the  SLAC  5045-tube: 
50  MW  peak  output  and  45  %  power  efficiency,  or  the 
Toshiba  E3712  tube:  80  MW  peak  and  46%  power 
efficiency  [6]. 

It  is  well  known  that  the  energy  capability  of  microwave 
tubes  is  lower  for  higher  frequencies  because  the  beam  pipe 
diameter  is  smaller.  In  the  case  of  pulsed  klystrons,  the 
output  energy  per  pulse  roughly  scales  as, 

P  •  t  «  ct)'"  (4) 

The  Toshiba  E3712  tube  can  produce  :  80  MW  x  4  psec  = 
320  Joules/pulse  at  S-band  frequency.  It  scales  down  to  80 
Joules  at  C-band.  Our  design  is  close  to  this  value.  Tlieiefoie 
no  critical  difficulty  will  be  encountered  in  development  of 
this  class  of  klystron  at  a  C-band  frequency. 

C.  Pulse  Compressor 

The  pulse  compressor  is  a  SLED-II  type  compressor.  In 
order  to  reduce  its  physical  length,  we  use  a  disk-loaded 
circular  waveguide,  whose  group  velocity  is  0.056  of  speed  of 
the  light.  Since  extra  power  will  be  dissipated  on  the  disks, 
the  attenuation  becomes  higher  than  in  a  simple  waveguide 
delay-line. 


Table- 1.  Machine  Parameter  of  C-band  Linear  Collider 
Basic  Parameters - 


Center  of  Mass  Energy 

GeV 

500 

1000 

Number  of  particle  per  bunch 

1.11 

1.5 

Number  of  bunches  per  pulse 

72 

72 

Bunch  spacing 

nsec 

2.8 

2.8 

Repetition  frequency 

Hz 

150 

50 

R.m.s.  bunch  length 

|am 

120 

120 

Normalized  emittance  at  damping  ring  (  x/y ) 
- Parameters  Related  to  Main  Linac  RF - 

pm.rad 

3/0.03 

3/0.03 

Injection  Energy 

GeV 

20 

20 

Nominal  accelerating  gradient 

MV/m 

40.0 

57.6 

Net  accelerating  gradient 

MV/m 

29.3 

43.2 

Active  length  of  main  linac  per  beam 

km 

7.8 

11.1 

Total  average  power  into  cavities  for  two  linacs 

MW 

54.0 

52.5 

Wall-plug  power  for  two  linacs 

MW 

225 

220 

Assumed  efficiency  from  AC  to  RF 
- Parameters  Related  to  FFS  and  IP - 

% 

24 

24 

R.m.s.  beam  size  at  IP  (  x/y  ) 

nm 

260/3.0 

372/2.2 

Crossing  angle 

mrad 

6.0 

6.0 

Disruption  parameter 

Dx/Dy 

0.20/17.5 

0.067/11.3 

Num^r  of  beamstrahlung  photons 

1.5 

1.4 

Energy  loss  by  beamstrahlung 

% 

5.3 

8.0 

Geometrical  luminosity  reduction  factor 

0.54 

0.64 

Pinch  enhancement  factor 

1.6 

1.5 

Luminosity 

1 0^^  /cm^/sec 

9.1 

6.3 

1100 


3ji/4,  vg  =  0.012  ~  0.035,  r  =  55  MQ/m.  tF  =  280  nsec,  t  =  0.53 
Alignment  torelance  >  30  urn  /  structure 


Wall-plug  power  225  MW  /  2linac 


Fig,  1  C-band  rf  system  for  e"*"e"  linear  collider  of  500  GeV  c.m.  energy 


According  to  an  analytical  estimate,  the  TE0,1,20  mode 
inside  a  cylindrical  cavity  of  diameter  20  cm  and  cell  length 
50  cm,  has  a  Q- value  of  2.7  x  10^.  The  attenuation  parameter 
of  this  delay  line  becomes  T  =  0.02.  This  compressor  will 
provide  a  power  gain  of  3.5  and  a  power  efficiency  of  70%.  In 
order  to  reduce  its  construction  cost,  the  cavity  will  be  made 
of  steel  with  copper  plating. 

Z).  Waveguide 

We  do  not  need  to  use  a  special  low-loss  waveguide,  which 
is  sometimes  required  in  the  higher  frequency  bands.  We  use 
standard  rectangular  waveguide  (  EIA  WR-187  ),  whose  loss 
factor  is  as  low  as  0.03  dB/meter. 

E.  Accelerating  Structure 

In  order  to  avoid  emittance  dilution  due  to  the  multibunch 
Wakefields,  we  use  the  HOM-free  choke  mode  cavity 
structure[3].  Such  a  structure  has  been  tested  at  high 
accelerating  gradient  at  S-band[4].  Detailed  discussion  of  the 
C-band  version  of  this  cavity  is  given  in  ref.  [5].  The  outside 
diameter  of  this  structure  at  C-band  is  140  mm,  which  is  a 
suitable  size  for  precise  machining  on  a  lathe  and  also  for 
brazing.  This  is  another  reason  to  choose  C-band. 


IV.  EXTENDIBILITY  TO  1  TeV  C.M.  ENERGY 

We  can  extend  the  system  to  reach  a  c.m.  energy  of  1  TeV 
by  replacing  the  klystrons  by  100  MW  klystrons  and 
extending  the  active  length  to  11.1  km/beam.  By  lowering  the 
machine  repetition  frequency  to  50  Hz,  we  can  limit  the  wall 


plug  power  to  220  MW.  Increasing  the  number  of  particles 
per  bunch  by  a  factor  of  1.4  will  allow  us  to  obtain  a 
luminosity  of  O.bxlO^'^  /cm^/s. 
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Abstract 

We  report  on  the  initial  operation  of  a  novel  compact  rf 
linac  —  the  plane  wave  transformer  (PWT).  The  PWT  is  a 
42  cm  long,  8  cell  standing-wave  structure,  operated  at  S- 
band,  in  a  jt-mode.  We  present  the  properties  of  this  linac 
at  rf  power  levels  from  4  MW  to  8  MW  and  beam  energy 
from  7  MeV  to  10  MeV,  measured  initially  using  both  dark 
current  and  photo-electrons.  Some  technical  issues 
associated  with  the  operation  are  discussed.  Future 
improvements  of  the  PWT,  using  a  modified  design,  are 
also  studied. 


1.  INTRODUCTION 

The  UCLA  rf  linac  system  is  designed  to  provide  a 
high  brightness  electron  beam  for  physical  experiments, 
such  as  free  electron  lasers,  plasma  focusing  and  plasma 
acceleration  [1].  It  uses  a  laser-illuminated  photocathode  rf 
gun  as  an  injector.  The  rf  linac  accelerates  the  electrons  to 
an  energy  ranging  from  10  to  20  MeV  with  a  high  beam 
quality.  To  this  end,  a  compact,  high  gradient  and  high 
brightness  rf  linac  structure  is  needed  to  achieve  our  goals. 
Therefore,  the  plane  wave  transformer  (PWT)  [2]  linac, 
which  promises  high  impedance,  high  efficiency,  low  cost, 
is  used  in  our  system. 

Since  it  was  first  proposed  in  1960s  [3],  the  PWT  linac 
structure,  named  in  1980s  [2],  had  not  been  under  much 
studies.  The  PWT  is  a  standing-wave  linac,  excited  in  the 
7c-mode.  It  consists  of  a  cylinder  cavity,  loaded  with  disks. 
The  disks  are  separated  from  the  cylindrical  tank  and 
supported  by  several  metal  stems  parallel  to  the  axis.  This 
structure  has  features  such  as  operation  at  TMQ2n  mode 
(where  n  is  the  number  of  disks),  the  simplicity  in 
fabrication,  and  the  strong  coupling  between  cells.  The 
PWT  structure  supports  both  a  longitudinal  acceleration 
field  and  a  TEM-like  plane  wave  between  the  tank  and  the 
disk  array.  The  plane-wave  provides  the  coupling  between 
the  individual  cells.  In  this  sense,  this  structure  transforms  a 
plane-wave  into  a  longitudinal  acceleration  electric  field. 
This  unique  feature  makes  the  PWT  structure  have 
advantages  of  high  shunt  impedance  and  low  fabrication 
tolerance.  It  also  has  the  potentials  of  compactness,  high 
brightness,  high  efficiency  and  low  cost.  These  properties 
will  make  the  PWT  linac  a  very  promising  candidate  to  be 
widely  used  in  experimental  labs  and  industry  communities. 

Since  the  PWT  operates  on  a  high  order  TMq2  mode,  it 
raises  concern  on  its  mode  structures  and  frequency 
separation  of  the  operation  mode  from  other  different 
modes.  It  is  probable  that  other  undesired  modes  would  be 
excited  by  either  the  rf  coupler  or  the  elctron  beam. 
Besides,  for  operation  in  the  7C-mode,  a  linac  structure  is 


sensitive  to  defects  in  the  manufacture  and  beam  loading. 
Therefore,  the  actual  application  of  this  structure,  if  any, 
to  particle  accelerators  will  demonstrate  its  feasibility  to 
become  a  promising  candidate  in  the  rf  linac  family. 

We  started  the  rf  high  power  conditioning  of  the  PWT 
late  last  year.  The  preliminary  results  are  very  encouraging. 
In  this  paper,  we  describe  the  mechanical  design  of  the 
linac.  We  report  the  properties  of  the  PWT  at  rf  power  level 
from  4  to  8  MW.  We  present  the  measured  beam 
parameters.  We  also  discuss  the  future  improvement  of  this 
structure. 

II.  MECHANICAL  DESIGN  OF  THE  PWT 


The  UCLA  PWT  linac  prototype  is  shown 
schematically  in  Fig.l.  It  consists  of  eight  cells  with  half¬ 
cell  termination  in  both  ends.  It  has  a  total  length  about 
forty  two  centimeters.  The  dimensions  of  the  linac  are 
listed  in  Table  1.  The  whole  structure  is  removable  for  the 


1  Geometry  dimensions  (mm) 

Electrical 

parameters 

total  length 

420 

frequency 

2856  MHz 

tank  inside  diameter 

136 

unloaded  Q- value  14000 

disk  diameter 

81 

shunt  impedance  53MQ/m 

drift  tube  length 

178 

transit  factor 

0.77 

disk  iris  diameter 

16 

field  ratio 

2.5 

Table  1.  Geometry  and  Electrical  Parameters  of  the  PWT 


The  tank  was  manufactured  from  stainless  steal  with 
copper  plating  inside.  The  disks  were  made  from  OFHC 
copper.  The  disk-washers  are  soldered  with  four  water  tubes 
which  provide  cooling  to  the  linac  to  stabilize  the 
resonance  frequency.  The  four  water  tubes  pass  through  one 
end  flange  with  the  joints  being  vacuum  sealed  by  viton 
gaskets.  There  are  four  small  ports  at  each  end  of  the  tank, 
as  shown  in  Figure  1.  In  an  earlier  design,  the  central  array 
was  supported  by  four  connecting  bars  at  both  ends  [4].  The 


Figure  1:  the  cross  section  schematic  of  the  PWT  linac 
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four  ports  were  used  to  house  these  connecting  bars. 
Although  the  previous  design  simplified  vacuum  seal,  the 
water  cooling  could  not  be  provided  to  the  disks,  because 
of  the  existence  of  the  joints  between  the  central  array  and 
the  connecting  bars.  Under  the  current  design,  all  of  these 
ports  are  idle,  except  one  of  them  is  used  for  housing  an  rf 
monitor.  The  cooling  water  temperature  is  controlled  by  a 
constant  temperature  bath.  No  water  cooling  is  provided  to 
the  outside  tank  because  its  low  rf  power  loss  and  its 
insensitive  to  affecting  the  resonance  frequency. 

To  minimize  the  rf  power  loss  and  perturbation  of  the 
accelerating  field,  the  water  tubes,  which  also  serve  to 
connect  the  disks,  are  located  at  places  where  the  field  is 
at  minimum.  The  tuning  of  the  PWT  was  accomplished  by 
slightly  changing  the  dimensions  of  the  end  cells.  The 
tuning  from  cell  to  cell  is  not  necessary  because  of  the 
strong  coupling  between  cells.  The  fine  tuning  of  the  linac 
resonance  frequency  is  achieved  by  adjusting  the 
temperature  of  the  cooling  water. 

III.  ELECTRIC  PROPERTIES 

The  linac  shares  a  25  MW  XK--5  klystron  with  the  if 
gun.  The  rf  power  is  distributed  to  the  linac  and  the  rf  gun 
by  using  a  direction  coupler  at  a  ratio  of  2:1.  The  RF  power 
was  coupled  into  the  linac  by  cutting  an  iris  in  the  wall  of  a 
central  accelerating  cell.  A  high  power  phase-shifter  is 
installed  in  the  linac  branch  to  adjust  the  injection  phase  of 
the  electron  beam  into  the  linac.  There  is  no  rf  isolator 
connected  to  the  linac  at  current  set-up. 

The  electrical  parameters  of  the  linac  are  listed  in 
Table  1.  Fig.  2  shows  the  high  power  rf  signals:  the  forward 
pulse,  the  reverse  pulse,  and  the  pick-up  signal  from  the  rf 
monitor  in  the  linac.  The  flat-top  duration  of  the  rf  power 
pulse  of  the  system  is  about  2  ps.  The  fill  time  of  the  linac 
is  about  0.8  ps.  Therefore,  the  pick-up  signal  does  not  have 
a  flat  top.  The  estimation  of  the  Q-value  from  the  monitor 
signal  is  consistent  with  the  cold  test. 


Figure  2:  The  rf  waveforms  from  the  PWT  linac: 
a)  reverse  power;  b)  forward  power;  c)  the  PWT 
monitor  signal  (horizontal  scale:  1  ps  /  div.). 

The  highest  rf  power  fed  into  the  linac  we  recorded  is 
above  8  MW.  However,  the  PWT  linac  did  not  sustain  this 
power  level  for  very  long  time.  The  possible  causes  are:  a) 
excessive  arcing  occurred  during  conditioning,  resulting  in 
damage  to  the  linac  surface;  b)  vacuum  problems  due  to 
faulty  pumps.  Besides,  the  PWT  could  not  be  baked  to  high 
temperature  because  viton  gaskets  are  used  at  the  water 
tube  joints  with  one  end-flange. 


IV.  MEASUREMENT  RESULTS 

The  details  of  the  UCLA  rf  linac  beam  line  is 
described  in  [5].  Two  doublets  are  placed  at  down  stream  of 
the  linac,  followed  by  a  dipole  magnet,  which  is  used  to 
measure  the  beam  energy  and  the  energy  spread.  Several 
phosphor  screens  are  used  to  monitor  beam  profiles  along 
the  beam  line.  The  emittance  is  measured  by  using  both 
slits  and  quads-scanning.  Beam  charge  is  measured  by  an 
ICT  and  Faraday-cups. 

Most  of  the  measurements  of  beam  parameters  were 
carried  out  at  low  charge  [5].  At  a  beam  charge  of  less  than 
0.1  nC,  we  obtained  a  well  focused  beam  by  just  using  the 
solenoid  at  the  gun  exit  alone.  Fig.  3(a)  shows  a  beam 
image  at  the  screen  after  the  dipole  magnet.  Fig.  3(b)  and 
(c)  show  the  beam  profiles  at  horizontal  and  vertical  planes 
separately.  The  rms  spot  size  is  about  0.5  mm  for  horizontal 
plane  and  0.4  mm  for  vertical  one  (FWHM).  The 
corresponding  laser  beam  rms  spot  size  for  this  electron 
beam  is  about  2  mm. 
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Figure  3:  The  beam  image  at  the  screen  after  the  dipole: 
a.  beam  spot  image  on  the  screen;  b.  horizontal  beam 
profile;  c.  vertical  beam  profile. 

The  beam  energy  is  proportional  to  the  square  root  of 
input  power.  Fig.  4  shows  the  measured  electron  beam 
energy  variation  with  the  input  rf  power  to  the  linac.  In 
comparison,  the  calculated  results  from  measured  PWT 
parameters  of  cold  test  are  also  shown  in  the  figure.  For  the 
measurements,  the  beam  energy  exit  from  the  rf  gun  is 
about  3.2  MeV.  The  measured  energy  agrees  with  the 
calculated  results  very  well. 


Figure  4:  The  beam  energy  variation  with  input  power. 

At  rf  power  8  MW  to  the  PWT,  we  measured  a  dark 
current  energy  of  12.2  MeV. 

The  beam  energy  spread  is  measured  by  measuring  the 
bunch  length  after  the  beam  passing  a  dipole  magnet.  The 
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better  than  0.1%.  Since  energy  spread  is  very  sensitive  to 
the  injection  phase,  phase-scan  of  energy  spread  variation 
is  a  good  estimation  of  the  beam  bunch  length.  Although 
the  adjustment  of  the  phase  shifter  changes  the  rf  power 
into  the  linac,  the  effect  of  the  rf  power  on  the  beam  energy 
spread  is  negligible.  The  measured  results  by  scan  of  the 
phase  are  shown  in  Fig.  5.  To  estimate  the  bunch  length, 
we  used  PARMELA  [6]  to  simulate  the  beam  dynamics. 
The  solid  line  in  Fig.  5  is  the  simulation  results  by 
assuming  a  beam  bunch  length  of  2.5  ps  (1  <j).  This 
indicates  that  the  beam  bunch  length  is  around  5  ps 
(FWHM),  which  agrees  well  with  the  measurement  of  the 
laser  bunch  length  [5]. 


Figure  5:  The  energy  spread  variation  with  injection  phase 
(beam  energy  around  9.5  MeV,  beam  charge  less  than  10 
pc,  PARMELA  simulation  assuming  bunch  length  (la)=2.5 
ps) 

We  measured  the  emittance  by  using  the  quads-scan 
tech-nique.  One  measurement  of  quads-scan  is  shown  in 
Fig.  6.  The  beam  energy  from  the  gun  is  3  MeV  with  a 
charge  of  less  than  10  pC.  The  beam  energy  for  this 
measurement  is  9.6  MeV.  By  using  thin-lens  approximation 
of  the  quads,  the  normalized  rms  beam  emittance  is  about 
5  mm-mrad. 


Figure  6:  The  quadrupole  scan  of  rms  horizontal  beam  size 
for  emittance  measurement  (charge=5pC;  energy  =8  MeV). 

V.  FUTURE  IMPROVEMENT 

Although  the  high  rf  power  operation  demonstrates  that 
the  PWT  can  be  used  as  an  rf  linac  with  many  promising 
features,  it  is  also  evident  that  several  improvements  need 
to  be  done  to  make  it  a  very  robust  structure.  In  order  to 
achieve  a  high  acceleration  gradient,  the  ratio  between  the 


surface  field  to  the  on  axis  acceleration  field  has  to  be 
reduced.  Otherwise,  the  acceleration  gradient  the  rf  linac 
may  support  will  be  limited  by  the  high  dark  current,  and 
even  by  possible  break  down.  The  ratio  for  the  current 
prototype  is  over  2.5.  Therefore,  the  surface  peak  field  will, 
for  an  energy  gain  of  10  MeV,  be  higher  than  130  MV/m, 
which  is  at  the  high  end  of  an  S-band  structure.  Another 
issue  associated  with  high  gradient  operation  is  the  vacuum 
pressure.  To  obtain  a  low  vacuum  pressure,  the  high 
temperature  bake  of  the  linac  is  essential.  Therefore  the 
viton  gaskets  at  the  water  tube  joints  can  not  be  used  for 
vacuum  seal. 

To  improve  the  performance  of  the  PWT  linac,  a 
slightly  modified  structure,  PWT3,  has  been  studied  and 
built.  In  the  new  design,  flat  disks  are  used  to  replace  the 
loaded  disks,  reducing  the  ratio  of  maximum  surface  field 
to  on-axis  field  from  above  2.5  to  about  1.2.  Because  the 
flat  disks  are  much  thicker  than  the  loaded  disks,  water 
channels  can  be  formed  inside  disks.  Therefore,  all  the 
joints  between  different  components  can  be  brazed 
together.  The  shunt  impedance  of  the  modified  structure  is 
about  the  same  as  that  of  the  loaded-disk  one.  The  modified 
structure  will  be  under  high  power  test  soon. 

VI.  CONCLUSIONS 

Initial  operation  of  the  PWT  at  high  rf  power  has 
demonstrated  that  this  structure  can  be  used  in  a  compact, 
high  brightness  linac.  Because  of  its  advantages,  like 
compactness,  high  efficiency,  low  cost,  the  PWT  is  also  a 
good  candidate  for  medical  and  industrial  applications.  The 
modified  structure,  PWT3,  has  been  installed  and  will  be 
tested  in  the  near  future. 
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Abstract 

We  report  the  characteristics  and  performance  of  the 
UCLA  S-band  compact  electron  accelerator,  consisting  of  a 
high  brightness,  8  cm  long,  photo-injector  with  a  copper 
cathode,  followed  by  a  42  cm  long  plane  wave  transformer 
accelerating  structure,  delivering  a  beam  energy  of  10  MeV. 
The  photo-electrons  are  produced  by  a  266  nm  laser  pulse  of 
less  than  4  ps  in  duration.  Over  time  the  laser  induced  electron 
emission  decreases  and  the  emission  from  the  cathode  surface 
becomes  structured.  Measurements  of  the  quantum  efficiency 
for  Cu  before  and  after  this  degradation  are  presented  along 
with  images  of  the  non  uniform  electron  emission. 

1.  INTRODUCTION 

The  UCLA  S-band  compact  electron  accelerator  [1]  is 
designed  to  produce  a  high  brightness  beam  for  experiments  in 
beam-plasma  interactions  [2]  and  the  generation  of  coherent 
radiation  [3].  The  4.5  MeV  photoinjector  is  a  copy  of  the 
original  BNL  photoinjector  with  removable  photocathode  [4], 
while  the  main  accelerating  section  is  a  previously  untested 
structure  called  a  plane  wave  transformer  (PWT)  [5].  Because 
this  accelerator  is  to  be  used  for  conducting  experiments  in  a 
small  university  laboratory,  emphasis  in  the  accelerator  design 
was  placed  on  compactness,  reliability  and  ease  of  operation. 
It  was  with  these  goals  in  mind  that  copper  was  chosen  as  the 
photocathode  material. 

Neither  initial  operation  of  the  UCLA  photoinjector  in 
1993  [1]  nor  the  Brookhaven  photoinjector  [6]  indicated  any 
problems  with  the  use  of  copper  photocathodes.  It  was 
presumed  that  copper  would  be  a  robust  material  for  which 
neither  special  handling  nor  special  vacuum  requirements 
would  be  necessary.  However,  our  most  recent  results  which 
were  obtained  under  rf  fields  of  up  to  100  MV/m  and  in 
vacuum  of  <  3x10’^  Torr,  indicate  that  the  copper  cathode 
surface  can  be  poisoned.  The  electron  emission  was  not  only 
reduced  but  also  became  highly  structured.  This  structure 
results  from  non  uniform  emission  from  the  cathode  surface 


which  causes  beam  degradation  and  limits  the  beam  brightness. 

II.  EXPERIMENTAL  SETUP 

The  accelerator  layout  is  depicted  in  Fig.  1.  The  Cu 
photocathode  is  placed  at  the  endwall  of  the  1/2  cell  in  a  1  1/2 
cell  rf  gun.  A  pair  of  solenoids  is  used  to  transport  the  beam 
to  the  various  beam  diagnostics  and  PWT  linac  while 
maintaining  a  zero  magnetic  field  at  the  cathode  surface. 

For  single  photon  photo-emission,  the  photon  energy 
must  exceed  the  work  function  of  Cu  (4.65  eV)[7].  The 
photoinjector  drive  laser  produces  <  4  ps  laser  pulses  at  266 
nm  (4.66  eV)  with  up  to  300  |iJ/pulse.  This  is  accomplished 
using  chirped  pulse  amplification  and  compression  of  a  mode- 
locked  YAG  laser  and  frequency  upconverting  using  two  KD*P 
doubling  crystals.  The  laser  is  injected  at  3®  from  normal 
incidence  to  the  cathode  by  a  mirror  which  is  mounted  in 
vacuum  slightly  off  of  the  beam  axis. 

The  electron  charge  is  measured  with  two  independent 
diagnostics,  a  Faraday  cup  and  an  integrating  current 
transformer  (ICT).  Both  these  diagnostics  agree  with  each 
other  to  within  10%.  However,  because  the  Faraday  cup 
collects  significant  amounts  of  dark  current  (>5  nC),  the  ICT 
is  used  to  measure  the  photo-induced  charge  per  pulse  with  less 
than  10%  dark  current  background.  A  dipole  spectrometer  is 
employed  to  measure  the  beam  energy  from  both  the 
photoinjector  and  the  PWT  linac,  while  phosphor  screens 
enable  verification  of  the  beam  position  and  facilitate  the 
measurement  of  the  beam  profile.  To  fully  characterize  the 
beam  quality,  a  Venetian  blind  pepperpot  can  be  inserted  for 
measuring  the  beam  emittance. 

Two  different  Cu  cathodes  were  tested.  The  first  was  a 
commercially  polished  cathode  purchased  from  Spawr 
Industries.  It  was  polished  to  X/4-  at  .6  |im  flatness  and  40/20 
scratch  and  dig.  The  second  cathode  was  hand  polished  at 
UCLA  down  to  0.3  |Lm  diamond  grit  size. 

III.  EXPERIMENTAL  RESULTS 

A.  Commercially  polished  cathode. 

The  Spawr  cathode  was  installed  in  late  August,  1994  and 
rf  conditioning  continued  for  3  months  while  the  PWT  was 
commissioned.  Rf  breakdown  was  observed  throughout  the 
conditioning  process  during  which  the  rf  power  was  increased 
in  steps  until  the  occurrence  of  rf  breakdown  events  reached  a 
prescribed  limit  of  less  than  three  consecutive  rf  breakdowns 
and  less  than  a  1%  occurrence  of  breakdown  events  over  a  15 
minute  interval.  When  the  frequency  of  breakdown  events  fell 
below  this  limit  the  rf  power  was  increased  until  the  number 
of  breakdown  events  once  again  approached  this  level.  Using 
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FIG.  3.  Spawr  Cathode  images,  (a)  Electron  beam  emission 
from  the  cathode  surface,  (b)  SEM  micrograph  of  cathode 
surface  after  running  in  the  rf  gun. 


this  guideline  the  rf  power  was  slowly  increased  until  an  input 
power  of  5  MW  achieved. 

In  early  December  the  rf  power  was  raised  up  to  7  MW 
and  the  first  quantum  efficiency  (QE)  measurements  were 
made.  These  resulted  in  QE  up  to  1x10"^  which  is  greater 
than  the  typical  value  for  Cu  in  low  electric  fields  (QE  =  D10‘ 
^  [8]).  The  QE  was  measured  as  a  function  of  rf  power  (Fig.  2) 
and  showed  an  increase  in  QE  with  increasing  rf  power  in 
agreement  with  Schottky  reduction  of  the  work  function  from 
large  electric  fields  present  at  the  cathode  surface  (>  50MV/m). 


2  3  4  5  6  7  8 

Power  (MW) 

FIG.  2.  QE  dependence  on  input  rf  power  to  photoinjector. 


During  the  month  of  December  the  rf  gun  and  PWT  linac 
were  run  consistently  and  measurements  of  the  full  beam 
energy  and  energy  spread  were  made  as  a  function  of  rf  phase 
between  the  photoinjector  and  the  PWT  linac.  The  highest 
beam  energy  observed  was  10.5  MeV  with  3.5  MeV  electrons 
produced  at  the  rf  gun,  indicating  an  energy  gain  of  7  MeV 
fi:om  the  PWT  linac.  As  expected,  the  phase  setting  which 
yielded  the  highest  energy  also  produced  the  lowest  energy 
spread  which  was  measured  to  be  ^=0.3  %.  The  energy  spread 
as  a  function  of  injection  phase  was  fit  to  PARMELA 
simulations  with  electron  bunch  length  as  the  fit  parameter 
from  which  a  bunch  length  of  ~  5  ps  was  inferred.  The  details 
of  these  measurements  are  presented  in  [5].  Finally,  the  QE 
was  remeasured  in  late  December  and  resulted  in  values  within 
10%  of  those  measured  earlier  that  month. 

In  mid  January,  we  noticed  that  the  electron  beam  had 
developed  severe  structure  and  the  solenoid  currents  were  set  to 
image  the  electron  emission  from  the  cathode  surface.  An 
image  of  this  emission  is  depicted  in  Fig  3(a).  Due  to  this 
beam  structure,  the  emittance  measurement  using  a  Venetian 
blind  type  of  pepper  pot  could  not  be  performed,  so  a  quad  scan 
was  used  to  measure  the  emittance  of  a  low  charge  beam  (<  10 
pC)  at  10  MeV.  The  measured  normalized  emittance  was  6  K 
mm-mrad.  After  this  change  in  cathode  emission,  the  QE  was 
again  remeasured  and  we  found  that  it  had  dropped  by  a  factor 
of  3. 

We  discovered  that  by  keeping  the  gun  under  vacuum 
without  rf  power  for  a  few  days,  the  QE  would  recover  to  a 
level  of  2.6x10"^  (still  below  the  levels  recorded  in 
December).  This  level  could  be  maintained  for  many  hours  as 
long  as  the  rf  power  level  was  maintained  below  6  MW. 
However,  once  the  rf  power  was  increased  to  7  MW  the  QE 
deteriorated  quickly.  In  just  7  hours  the  QE  dropped  from 
2*10“^  to  lxl0‘^,  a  factor  of  2.  This  test  was  done  with  the 
gun  vacuum  isolated  from  the  rest  of  the  beamline  which  is 
typically  maintained  at  slightly  higher  pressures  (1x10"^).  A 
residual  gas  analyzer  was  used  to  measure  the  primary 
contaminates  of  the  vacuum  system  which  were  H2O,  H2,  N2, 
O2,  At  and  CO2  in  order  of  decreasing  partial  pressure. 

In  an  attempt  to  increase  the  QE,  the  cathode  surface  was 
damaged  using  the  focused  UV  laser  beam.  The  laser  was 
focused  to  a  200  |im  spot  and  an  array  of  5  by  5  damaged  spots 
was  created  at  the  cathode  center.  It  was  expected  that  further 
reduction  of  the  work  function  could  be  achieved  through  the 
Schottky  effect  with  enhanced  electric  fields  at  the  surface  due 
to  the  microprotrusions  created  by  the  laser  damage.  In  the 
initial  operation  of  the  rf  photoinjector  in  1993,  QE  of  1x10“^ 
were  routinely  measured  from  a  damaged  Cu  photocathode  and 
no  QE  degradation  was  ever  observed  [1],  However,  on  the 
Spawr  cathode,  the  damaged  areas  did  not  produce  any  change 
in  the  QE  and  the  recovery  and  degradation  of  the  QE  continued 
as  described  above. 

This  cathode  was  then  removed  from  the  gun  and  the 
surface  was  imaged  using  a  SEM.  Fig.  3(b)  depicts  surface 
structure  which  covers  the  cathode  surface  except  in  the  laser 
damaged  area.  This  structure  may  be  the  cause  of  the 
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FIG.  4  SEM  micrographs  of  damage  on  the  Spawr  cathode, 
(a)  laser  damaged  region  (b)  laser  produced  crater  (c)  multiple 
rf  breakdown  produced  crater  (d)  single  rf  breakdown  crater 


nonuniform  emission  shown  in  Fig  3(a).  The  light  colored 
areas  show  a  fractal  growth  pattern  at  the  edges.  This  seems 
typical  of  a  contamination  growth  on  the  cathode  surface  from 
residual  gasses  which  is  facilitated  by  the  i€ld  emitted 
electrons. 

Electron  micrographs  of  different  types  of  surface  damage 
produced  by  laser  damage  and  rf  breakdown  are  shown  in  Fig. 
4.  The  laser  damage  typically  produces  larger  scale  structures 
formed  from  molten  copper  while  the  rf  damage  shows  a 
smaller  more  symmetric  structure. 

B.  Hand  polished  cathode. 

Following  the  removal  of  the  commercially  polished 
cathode,  a  second  Cu  cathode,  was  prepared  at  UCLA.  It  was 
machined  from  OFHC  Cu  using  "Marvel's  Mystery  Oil"  as 
lubricant.  The  cathode  surface  was  then  polished  starting  with 
wet  600  grit  sand  paper  and  working  down  to  .3  |im  diamond 
grit.  The  polishing  was  done  by  hand  until  no  surface  feature 
was  larger  than  1  |Xm.  The  cathode  was  stored  in  methanol 
until  installation  in  the  rf  gun.  This  cathode  was  also  tested  in 
a  dc  gun  prior  to  installation  in  the  rf  gun  and  a  QE  of  1x10'^ 
was  measured  [8]. 

During  the  cathode  installation,  the  rf  gun  was  back  filled 
with  nitrogen  and  maintained  at  the  operating  temperature  of 


FIG.  5.  Hand  polished  copper  cathode,  (a)  Electron  beam 
emission  from  the  cathode  surface,  (b)  SEM  micrograph  of 
cathode  surface  after  running  in  the  rf  gun. 


55°  C.  Once  vacuum  of  better  than  1x10'^  was  achieved,  the 
rf  conditioning  was  started.  Within  a  few  hours  rf  power 
levels  of  5  MW  where  achieved  with  practically  no  signs  of  rf 
breakdown. 

The  QE  was  immediately  measured  to  be  3.3x10"^  at  an  rf 
power  level  of  only  4  MW.  Based  on  the  previous 
measurements  made  in  December,  this  would  imply  a  QE  of 
5x10"^  at  7  MW.  Furthermore,  the  beam  showed  no 
indication  of  beam  structure. 

Two  days  later,  following  less  than  8  more  hours  of 
conditioning  which  was  characterized  by  minor  breakdown  in 
the  gun,  rf  power  levels  of  6  MW  were  attained.  The  QE  was 
again  measured  and  resulted  in  a  reduction  from  the  previous 
value  of  more  than  a  factor  of  2  to  1.5x10"^.  When  this  beam 
was  imaged,  once  again  beam  structure  became  evident 
although  not  as  severe  as  before,  (see  Fig  5(a))  Because  the 
beam  structure  was  less  pronounced,  the  beam  emittance  could 
be  measured  and  resulted  in  normalized  emittances  between  5 
and  12  n  mm-mrad  with  a  beam  charge  of  only  250  pC.  Even 
this  beam,  however,  was  not  cleanly  focused  on  the  slits  and 
therefore  the  emittance  values  are  most  likely  a  lower  bound  to 
the  whole  beam  emittance. 

Following  the  beam  quality  measurements,  this  cathode 
was  removed  from  the  rf  gun  and  immediately  taken  to  the  cfc 
gun  test  stand  for  QE  measurements.  The  QE  measurements 
did  not  indicate  any  change  in  QE,  again  measuring  1x10"^ 
and  also  did  not  show  any  indication  of  structure  on  the 
cathode  surface.  When  electron  micrographs  of  this  cathode 
were  made,  almost  no  structure  was  seen  on  the  surface  (see 
Fig.  5(b)) 

IV.  CONCLUSIONS 

The  electron  emission  from  a  copper  photocathode  in  a  if 
photoinjector  appears  to  degrade  in  time,  however,  more 
careful  and  detailed  study  is  necessary  to  understand  the 
interaction  of  the  copper  surface  with  both  the  large  rf  fields 
and  the  UV  laser  pulses  present  in  rf  photoinjectors. 
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A  system  for  characterizing  the  phase  shift  per  cell  of 
a  long  X-band  accelerator  structure  is  described.  The 
fields  within  the  structure  are  perturbed  by  a  small 
cylindrical  metal  bead  pulled  along  the  axis.  A  computer 
controls  the  bead  position  and  processes  the  data  from  a 
network  analyzer  connected  to  the  accelerator  section. 
Measurements  made  on  prototype  accelerator  sections 
are  described,  and  they  are  shown  to  be  in  good 
agreement  with  theory. 

1.  INTRODUCTION 

Linear  accelerators  require  precise  phase  relationship 
to  be  maintained  between  the  driving  rf  field  and  the 
bunched  beam  throughout  the  interaction  length  [1]. 
Structures  for  the  Next  Linear  Collider  (NLC)  will 
probably  be  machined  and  assembled  to  such  tight 
mechanical  tolerances  that  no  provision  for  cell  tuning  is 
needed.  However,  prototype  structures  being  developed 
for  the  NLC  Test  Accelerator  (NLCTA)  will  need  to  be 
tuned,  and  will  have  provision  for  tuning  built  into  each 
cell.  The  X-band  structures  are  long,  and  employ  a  large 
number  of  cells  (204).  Tuning  has  traditionally  been 
checked  by  the  so-called  nodal-shift  method  [2],  in 
which  a  shorting  plunger  rests  on  the  irises  and  is  moved 
from  cell  to  cell  along  the  horizontal  structure.  Concerns 
over  high-field  breakdown  and  dark  current  generation  in 
the  operating  accelerator  prohibit  the  use  of  this  method, 
which  could  damage  the  finely  machined  copper 
surfaces. 

In  Section  II  of  this  paper,  we  describe  a  semi- 
automated  measurement  system  being  built  for  testing 
and  tuning  NLCTA  accelerator  sections.  The  results  of 
traveling  wave  (TW)  perturbation  measurements  on  two 
prototype  sections  are  reported  in  Section  III.  Finally,  in 
Section  IV,  the  measured  data  are  compared  to 
predictions  calculated  from  our  analytical  model. 


stepper  motor-driven  lead  screw  and  carriage  attached  to 
the  external  return  loop  of  the  nylon  string.  This  method 
allows  TW  perturbation  measurements  to  be  made 
without  contacting  the  clean  inner  surfaces  of  the 
section.  The  bead  can  be  replaced  by  a  light  metal 
cylinder  if  it  is  necessary  to  make  nodal-shift 
measurements. 
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Figure  1.  Schematic  diagram  for  the  semi-automated  test 
setup. 


A  rotary  encoder  is  shaft-coupled  to  the  stepper 
motor.  A  computer  interfaces  with  both,  reading  back 
position  data  from  the  encoder  and  stepping  the  motor  as 
required  by  the  measurement  program.  The  computer 
also  collects  and  processes  the  complex  reflection 
coefficient  data  from  a  microwave  network  analyzer 
connected  to  the  accelerator  section. 


II.  ACCELERATING  STRUCTURE 
CHARACTERIZATION  SYSTEM 

The  system  being  developed  utilizes  a  bead  field- 
perturbation  technique  to  evaluate  the  tuning  of  X-band 
accelerators.  A  small  metallic  cylindrical  bead  is 
attached  to  a  thin  nylon  string  running  along  the  axis  of 
the  vertically-mounted  accelerator  section,  as  shown  in 
Fig,  1.  The  position  of  the  bead  is  determined  by  a 
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III.  TW  PERTURBATION  MEASUREMENT 

The  system  described  above  will  be  used  to 
characterize  the  NLCTA  sections  as  they  are  built 
during  the  next  two  years.  The  measurements  are  based 
on  bead  perturbation  under  traveling  wave  conditions 
[3,4]. 

Preliminary  tests  to  develop  this  system  have  been 
made  on  two  X-band  accelerator  sections  which  were 
built  during  the  early  phases  of  the  NLCTA  program. 
Both  are  constant  impedance  sections,  one  26  cm  long 
(30  cells)  and  one  75  cm  long  (86  cells),  and  have  been 
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previously  tested  at  high  power  [5].  The  cylindrical  bead 
used  was  0.508  mm  in  diameter  and  0.483  mm  high.  The 
monofilament  nylon  string  was  0.145  mm  in  diameter.  A 
network  analyzer  connected  to  one  port  of  the 
accelerator  measured  the  reflection  coefficient. 

Figure  2  shows  the  variation  in  the  reflection 
coefficient  as  the  bead  is  pulled  along  the  accelerator 
axis  through  three  consecutive  cells.  The  measured  Sn 
is  plotted  in  the  complex  plane  with  axial  position  as 
parameter.  The  three-fold  symmetry  for  the  27i/3  mode  is 
clearly  manifested.  Points  on  the  curve  where  the  bead 
crosses  the  center  and  the  iris  of  one  cell  are  marked. 
The  phase  advance  from  cell-to-cell,  which  can  easily 
be  deduced  from  the  reflection  data,  is  shown  in  Fig.  3. 
These  results  were  confirmed  by  nodal-shift 
measurements  on  the  same  sections  [6].  Our 
measurement  technique  is  capable  of  detecting  small 
deviations  from  the  required  phase  shift  for  any  cell  in 
the  accelerator  structure.  This  is  demonstrated  in  Fig.  4 
for  the  26-cm  section. 
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Figure  2.  Reflection  from  the  perturbed  75  cm 
accelerator  structure. 
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Figure  3.  Phase  advance  as  a  function  of  bead  position 
in  the  structure  for  the  75  cm  structure. 
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Figure  4.  Reflection  from  the  perturbed  26  cm 
accelerator  structure. 


IV.  COMPARISON  WITH  ANALYTICAL  MODELS 

The  traces  shown  in  Figs.  2  and  4  are  geometrical 
figures  known  as  hypotrochoids.  This  response  can  be 
predicted  from  a  transmission  line  model  [7],  and  also 
from  a  purely  field  approach  [8].  In  the  transmission  line 
model,  the  perturbation  introduced  by  a  lossless  bead  is 
treated  as  a  reactive  discontinuity.  Starting  with  the 
space  harmonics  of  the  longitudinal  electric  field,  E^, 
the  magnitude  and  phase  of  the  reflection  coefficient  at 
the  input  port  of  the  accelerator  can  be  obtained  as  the 
bead  is  pulled  across  the  structure.  The  field  model  starts 
with  the  space  harmonics  of  the  longitudinal  electric 
field  and  derives  the  magnitude  and  phase  of  the 
reflection  coefficient  at  the  input  port  of  the  accelerator. 
Figure  5  shows  both  the  theoretical  predictions  and  the 
measured  values  of  Sn  for  the  75  cm  structure. 

V.  CONCLUSIONS 

Preliminary  results  from  bead  perturbation 

measurements  made  under  travelling  wave  conditions 
show  good  agreement  with  both  nodal-shift 

measurements  and  theoretical  predictions.  This  method 
can  therefore  be  used  to  characterize  the  cell-by-cell 
phase  shift  pattern  through  an  accelerating  structure. 
Deviations  from  the  desired  pattern  can  then  be 
corrected  by  tuning  the  appropriate  cells.  The  corrections 
can  then  be  verified  by  performing  successive  bead  pulls 
until  the  required  phase  advance  is  reached. 
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Figure  5.  Comparison  between  calculated  and  measured 
8,1  for  the  75  cm  accelerator  structure. 
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Operational  statistics  for  the  linear  accelerator 
programs  at  SLAC  are  presented,  including  run-time 
records  for  the  SLC,  FFTB,  and  fixed  target  programs. 
Also  included  are  summaries  of  reliability  and 
maintenance-related  statistics  and  a  discussion  of  the 
analysis  tools  used  to  study  error  messages  generated  by 
the  control  system. 

I.  PROGRAM  CHRONOLOGY 

The  SLAC  linear  accelerator  programs  are 
summarized  in  Table  1  for  the  period  of  January  1992 
through  March  1995.  SLC  machine  development  is 
defined  to  include  extended  periods  of  pre-run  system  turn¬ 
on,  new  system  commissioning,  and  experiments  to 
characterize  and  improve  the  performance  of  various 
accelerator  systems.  SLD  logging  refers  to  periods  of  SLC 
operation  dedicated  to  producing  Z  particles  in  the  SLD 
detector,  with  the  detector  on  and  recording  data.  Fixed 
target  runs  to  ESA  are  periods  when  polarized  electrons 
were  delivered  to  fixed-target  experiments  in  the  End 
Station  A  experimental  hall.  Scheduled  off  times  in  this 
table  are  relatively  long  periods  typically  needed  for  major 
installations  and  upgrades.  Time  periods  when  the 
accelerator  was  off  for  holidays  are  not  listed.  The  FFTB 
runs  are  periods  of  low  intensity,  low  repetition  rate 
(typically  30  Hz)  operation  in  which  damped  electrons 
were  delivered  to  the  Final  Focus  Test  Beam  facility.  The 
FFTB  is  a  beam  transport  system  that  extends  through  the 
beam  switchyard  and  is  used  for  focusing  the  electron 
beam  to  sub-micron  sizes  for  the  study  of  future  linear 
collider  technology  and  for  esoteric  physics  experiments 
requiring  extraordinarily  high  charge  density. 

II.  TIME  ACCOUNTING 

Time  accounting  records  are  kept  by  the  accelerator 
systems  operators,  who  record  the  number  of  hours  devoted 
to  each  of  the  categories  in  the  first  column  of  Table  2  at 
the  end  of  each  eight  hour  shift.  The  experimental  runs 
summarized  in  this  table  include  only  the  time  periods 
dedicated  to  logging  data  in  the  indicated  detector  and 
exclude  extended  pre-run  turn  on  and  commissioning  time. 
The  run  periods  begin  when  the  accelerator  and  the 


*  Work  supported  by  Department  of  Energy  contract  DE- 
AC03-76SF00515. 


detector  are  ready  to  begin  production  data  collection  and 
continue  until  the  detector  is  scheduled  to  shut  down. 


Time  period 

Program 

2  Jan  92  -  1  May  92 

SLC  machine  development. 

1  May  92 -18  Aug  92 

SLD  logging  -  First  polarized 
electrons  in  SLC. 

18AU2  92-  3  Oct  92 

SLC  machine  development. 

4  Oct  92  -  7  Nov  92 

Scheduled  off  -  prepare  for  fixed 
target  program. 

8  Nov  92  -  23  Dec  92 

Fixed  target  ESA  run  -  E142. 

2  Jan  93-  26  Feb  93 

SLC  machine  development. 

26  Feb  93  -14  Aug  93 

SLD  logging. _ 

15  Aug  93-1  Sep  93 

SLC  machine  development. 

1  Sep  93  -  1  Nov  93 

Scheduled  off  -  prepare  for  fixed 
target  program. 

Damping  ring  vacuum  chamber 
upgrade. 

SLC  final  focus  upgrade. 

1  Nov  93  -  23  Dec  93 

Fixed  target  ESA  run  -  E143. 

4  Jan  94  -  6  Feb  94 

Fixed  target  ESA  run  -  El 43. 

7  Feb  94-  19Jun94 

SLC  machine  development  - 
commission  new  damping  rings 
and  final  foci. 

~15  days  of  FFTB  (Apr,  May). 

20Jun94-31  Aug  94 

SLD  logging. _ 

1  Sep  94-  19  Sep  94 

FFTB  run. 

20  Sep  94-  3  Oct  94 

SLC  machine  development. 

3  Oct  94-  23  Dec  94 

SLD  logging. 

3  Jan  95  -  6  Jan  95 

FFTB  ran. 

6Jan95-  3Mar95 

SLD  logging. 

3Mar95-  18Mar95 

SLC  machine  development. 

18  Mar  95  -31  Mar  95 

FFTB  ran. 

Table  1.  SLAC  program  chronology  1992-1995. 


The  "experiment  logging"  category  is  defined  as  the 
time  that  a  suitable  beam  (or  colliding  beams)  was 
available  to  the  scheduled  experiment,  and  the  detector 
equipment  was  active  and  recording  data.  Machine 
development  in  Table  2  includes  only  brief  (<1  day) 
interruptions  to  data  logging,  usually  dedicated  to 
measuring  accelerator  system  parameters  and 
implementing  improvements.  The  extended  periods  of 
scheduled  machine  development  work  listed  in  Table  1  are 
not  included  here.  Alternate  programs  are  brief  tests  or 
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experiments  scheduled  on  short  notice  when  the  primary 
program  can  not  be  carried  out  as  planned.  This  typically 
happens  when  some  accelerator  subsystem  critical  to  the 
primary  program  is  undergoing  repairs  while  other 
accelerator  systems,  such  as  the  injector  system  and  the 
electron  damping  systems,  are  operating  normally.  Tuning 
is  defined  as  any  time  when  no  specific  hardware  or 
software  systems  are  known  to  be  malfunctioning,  yet  the 
beam  properties  do  not  meet  the  requirements  of  the 
scheduled  program.  Typically  this  is  the  time  spent  by 
operators  and  accelerator  physicists  measuring  and 
correcting  beam  parameters.  Unscheduled  down  time  is 
logged  when  a  system  or  component  has  failed,  rendering 
the  beam  unusable  for  either  the  main  experiment  or  an 
alternate  program.  Scheduled  off  represents  brief  (<1  day) 
planned  interruptions  to  the  primary  experimental  program, 
typically  for  maintenance  and  minor  upgrades  or 
adjustments  to  existing  systems.  The  extended  scheduled 
off  periods  shown  in  Table  1  are  not  included  here,  nor  are 
holiday  periods. 


SLD 

92 

SLD 

93 

SLD 

94/5 

ESA 

92 

ESA 

93/4 

FFTB 

94/5 

Exp't 

Logging 

51% 

63% 

56% 

66% 

69% 

69% 

Machine 

Develop. 

9% 

6% 

4% 

1% 

0% 

7% 

Alternate 

Program 

1% 

1% 

4% 

0% 

4% 

1% 

Tuning 

19% 

11% 

10% 

16% 

12% 

8% 

Unsched. 

Down 

18% 

17% 

23% 

13% 

8% 

11% 

Sched. 

Off 

2% 

2% 

3% 

4% 

7% 

4% 

Total 

Hours 

2616 

4079 

5065 

1088 

1439 

1560 

Total  Z 

(xlOOO) 

10 

55,7 

100 

- 

^  - 

- 

Ave,  Lum 

7,5 

21.7 

35.3 

- 

- 

- 

Approx. 

Polarization 

21% 

65% 

79% 

40% 

85% 

- 

Table  2.  SLAG  primary  linac  program  run  time 
accounting  1992-1995. 


The  percentage  of  time  spent  tuning  decreased  steadily 
during  the  period  of  this  study  for  both  SLC  and  fixed 
target  programs,  as  diagnostic  instruments  were  improved 
and  new  feedback  systems  were  commissioned.  This 


improvement  occurred  despite  progressively  more 
demanding  requirements  on  beam  quality.  The  decrease  in 
experiment  logging  efficiency  in  1994/95  compared  to 
1993  and  the  corresponding  increase  in  unscheduled 
downtime  were  due  mainly  to  the  long  repair  and  recovery 
times  associated  with  five  independent  vacuum  failures  in 
the  electron  damping  ring  and  the  loss  of  two  damping  ring 
klystrons. 

The  bottom  part  of  Table  2  summarizes  the  total  hours 
corresponding  to  each  experimental  run,  along  with  the 
approximate  number  of  Z  particles  detected,  the  average 
luminosity,  and  the  approximate  beam  polarization  where 
applicable. 

III.  RELIABILITY  AND 
MAINTENANCE  STATISTICS 

Hardware  availability,  defined  here  in  terms  of  time 
when  the  accelerator  hardware  is  not  broken,  is  a  measure 
of  the  overall  reliability  of  the  accelerator  systems  needed 
to  carry  out  the  accelerator  program.  The  hardware 
availability,  mean  time  to  failure,  and  mean  time  to  repair 
are  listed  in  Table  3  for  each  of  the  major  accelerator 
programs  in  the  last  three  years.  These  quantities  are 
defined  as  follows: 

Availability  =  1-  (Downtime  /  Scheduled  Operating  Hours). 

Mean  Time  To  Failure  (MTTF)  =  Sched  hrs  /  #  of  Failures. 

Mean  Time  To  Repair  (MTTR)  =  Downtime  /  #  of  Failures. 

Hardware  failures  as  defined  in  this  section  are  those 
failures  that  noticeably  interrupt  or  impede  a  scheduled 
running  program  and  do  not  require  testing  or  inspections 
to  locate.  As  these  data  indicate,  the  hardware  availability 
is  consistently  better  during  ESA  and  FFTB  operation  than 
during  SLC  operation.  This  is  mainly  because  the  ESA  and 
FFTB  programs  require  only  electrons  (no  positrons)  and 
thus  require  fewer  active  devices.  These  programs  are  also 
more  tolerant  of  imperfect  beams  than  is  the  SLC  program. 


Availability 

MTTF 

MTTR 

SLC  1992 

81.8% 

OO 

1.5 

SLC  1993 

82.8  % 

7.7 

1.3 

SLC  1994 

80.7  % 

8.5 

1.6 

ESA  1992 

87.0  % 

12.4 

1.6 

ESA  1993/4 

93.3  % 

12.7 

0.9 

FFTB  1994 

90.3  % 

12.4 

1.2 

Table  3.  SLAC  hardware  reliability  summary. 
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IV.  CONTROL  SYSTEM  MESSAGE 
ANALYSIS 

The  SLAC  accelerator  complex  consists  of  thousands 
of  active  devices,  such  as  power  supplies  and  mechanical 
transducers  of  various  kinds,  each  of  which  must  operate 
within  prescribed  tolerances  in  order  to  achieve  the  desired 
beam  characteristics.  The  acceptable  tolerances  for  many 
of  these  devices  are  stringent  compared  to  the  standards 
normally  achieved  in  large  scale  industrial  applications  of 
commercially  available  equipment.  As  a  result,  parameter 
variations  induced  by  mechanical  vibrations,  deviations  in 
ambient  temperature  or  electrical  supply  voltage,  or  other 
effects,  occur  frequently  and  often  have  detrimental  effects 
on  the  quality  of  the  beams.  Constant  monitoring  and 
analyses  of  these  effects  are  essential  to  identifying  and 
rectifying  problems  of  this  kind. 

Accelerator  systems  that  drift  in  and  out  of  prescribed 
tolerances  typically  do  not  interrupt  machine  operations, 
but  may  severely  degrade  the  quality  of  the  beams. 
Because  of  the  adverse  impact  on  overall  efficiency  of 
these  kind  of  problems,  a  set  of  software  tools  and  analysis 
procedures  have  been  developed  to  address  these  issues. 

The  linac  and  beam  delivery  systems  are  monitored 
and  controlled  through  a  VAX-based  computer  control 
system.  The  control  system  includes  a  feature  called  the 
Summary  Information  Process  (SIP),  which  checks  a 
selected  list  of  measured  device  parameters  against 
prescribed  database  tolerances  approximately  every  15 
seconds.  Currently  4894  devices  are  monitored  by  this 
process  whenever  the  SLC  is  operating.  Whenever  the 
status  of  any  of  these  devices  changes  to  an  out-of¬ 
tolerance  condition,  a  warning  "error  message"  is  generated 
by  SIP.  These  error  messages  are  presented  to  the  control 
room  operators  on  scrolling  displays  and  are  automatically 
recorded  for  later  analyses. 

By  ranking  the  frequency  of  messages  for  each 
individual  device,  recurring  problems  can  be  identified. 
Devices  with  frequent  intermittent  failures  and  devices 
operating  too  close  to  their  tolerance  are  easily  identified 
by  the  large  number  of  messages  they  generate.  Daily  and 
monthly  reports  are  produced  that  list  the  highest  counting 
devices  in  descending  order.  The  data  are  sorted  by  major 
accelerator  systems  (injector,  damping  rings,  etc.)  and  by 
type  of  device  (analog  and  digital  signals,  temperatures, 
magnets  and  power  supplies,  stepping  motor  devices, 
damping  ring  RF  devices,  vacuum  devices,  etc.).  These 
summaries  do  not  include  linac  RF  systems,  which  are 
processed  and  analyzed  separately.  The  reports  are 
distributed  to  designated  managers  responsible  for  each  of 
the  major  subsystems. 


Table  4  lists  the  monthly  SIP  error  counts  during  SLC 
operations  in  recent  years.  The  error  frequency  starts  out 
high  at  the  beginning  of  each  running  period  as  old 
equipment  is  reactivated  and  new  or  upgraded  equipment  is 
commissioned.  The  monthly  count  then  decreases 
progressively  over  the  duration  of  each  period  of 
continuous  operation  as  the  machine  stabilizes  and 
problems  are  identified  and  repaired. 


1992 

1993 

1994 

1995 

Jan 

36 

Feb 

80 

58 

21 

Mar 

46 

47 

Apr 

69 

42 

May 

79 

43 

Jun 

40 

40 

Jul 

43 

37 

38 

Aug 

43 

44 

33 

Sep 

31 

Oct 

30 

Nov 

26 

Dec 

19 

Avg _ 

57 

44 

30 

28 

Table  4.  SIP  error  counts  (x  1000)  for  1992-1995. 


A  subset  of  the  SIP  error  data  for  the  period  of 
November  1994  through  January  1995  is  presented  in 
Table  5.  The  50  worst  devices  (the  specific  devices  that 
generated  the  largest  numbers  of  SIP  errors)  are  grouped  by 
type  of  device  and  the  corresponding  percentages  of  all  the 
SIP  errors  for  the  time  period  are  shown.  These  50  devices 
accumulated  32577  SIP  errors  or  40.3%  of  all  SIP  errors 
during  this  time  period. 


13  Feedback  loop  devices 

10.1  % 

10  Stepper  motor  devices 

8.9% 

4  Analog  sensors  (temps,  vacuum,  etc.) 

4.3% 

2  Damping  Ring  RF  devices 

3.5% 

4  Large  DC  power  supplies 

3.5% 

5  Vert,  steering  corrector  magnets 

3.3% 

3  Gun  laser  system 

1.7% 

3  Horiz.  steering  corrector  magnets 

1.5% 

2  Ouadrupole  trim  power  supplies 

1.4% 

3  Ouadmpole  power  supplies 

0.9% 

1  Kicker  magnet 

0.9% 

Table  5.  Summary  of  the  fifty  devices  that  generated 
the  most  SIP  errors  as  explained  in  the  text. 
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BEAM  CURRENT  LIMITATION  IN  MICROWAVE  ACCELERATORS 


A.V.Mishin,  Schonberg  Research  Corporation 
I.S.  Shchedrin,  Moscow  Engineering  Physics  Institute 


Abstract 

A  simplified  approach  is  used  to  estimate  current 
limit  in  microwave  electron  linear  accelerators  based 
on  the  achieved  electron  concentration  and  space 
charge  values.  A  number  of  examples,  presented  in 
the  report  shows  that  the  proposed  technique  is 
applicable  for  preliminary  calculations. 

1.  Introduction 

It  is  well  known  that  beam  efficiency  in  X-band 
linear  accelerators  is  rather  low  compared  to  S  and 
L-band  units.  Usually,  one  wants  to  reach  as  high  as 
possible  beam  energy  value  for  a  given  amount  of 
power  from  power  source.  Power  from  commonly 
used  magnetrons  does  not  exceed  value  of  2  MW. 
Current  during  pulse  in  X-band  accelerators  is 
usually  below  50  mA,  for  some  units  value  about  100 
mA  was  observed.  Besides,  measured  efficiency  is 
usually  lower  than  calculated  value. 

2.  Power  Consumption 

If  we  assume,  that  power  Pi  injected  into  accelerator 
structure  is  partially  lost  in  the  walls  (Pd)  and  the 
other  part  is  stored  in  accelerated  beam  (Pb). 

Pi=Pb+Pd,  (1) 

Beam  efficiency  value  Be  could  be  shown  as 
Be=l-  Pd/Pi.  (2) 

Let  us  think  that  Pd  is  power  value  required  to  build 
the  fields  to  achieve  certain  energy  value  Wo  at  no 
beam  loading.  This  value  of  Pd  is  constant  for  a 
given  structure.  Now,  if  one  increases  power  injected 
into  the  structure  and  try  to  maintain  energy  value  at 
Wo  while  increasing  beam  loading,  efficiency  would 
tend  to  reach  100%  value; 

At  the  extreme,  if  PdyPi=0,  Be=l . 


Indeed,  this  is  a  crude  model  of  power  balance. 

S.Electron  density  of  a  bunch 

In  practice,  beam  value  is  limited  by  a  number  of 
factors.  To  simplify  our  further  calculations,  we  will 
assume  that  bunch  has  a  cylindrical  shape  with 
radius  Rb  and  length  Lb. 

Bunch  volume  is 

Vb=3.14xRb^xLb.  (3) 

Charge  stored  in  a  bunch  is 

Qb=I/F=Vb  X  N  X  e,  (4) 

where  I-beam  current; 

F-frequency, 

N-number  of  electrons  per  unit  volume; 
e-charge  of  electron. 

Therefore, 

I  =  3.14  xVbxLbxNxex  cAVl ,  (5) 
where  Wl-wavelength. 

Statistical  limit  value  of  N  is  10^  l/cm^.  For 
reference,  this  means  that  electrons  in  a  bunch  are  at 
4000xRe  from  each  other  (Re-classical  radius  of 
electron). 

Equation  (5)  lets  us  estimate  limit  current  in 
accelerators  at  various  wavelengths  and  aperture 
radius. 

For  maximum  beam  radius  is  about  50%  or 
accelerators  aperture  and  bunch  length  of  0.25W1 

I  [A]  =(aAVl)2.Wl2[cm].  (6) 
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Surprisingly,  these  simple  calculations  led  us  to 
some  quite  realistic  numbers. 

Table  1.  T.imit  current  at  various  apertures 


inX 

band. 

2a.mm 

:  4  ; 

8  ; 

12  : 

16 

LmA  ; 

40  : 

160: 

360  : 

640 

Table  2.  T.imit  current  at  various  wave  lenghts  for 
aAVl=0.1 


Table  3.  Experimentally  measured  current  values  in 


various  X-band  linacs. 

Aperture,  mm: 

Experiment 

Estimated 

MINAC-6  : 4.7 

:  50 

;  75 

U-34  : 5 

:  27 

:  75 

U-35  :10(aver) 

:  100 

:  250 

Band 

X 

s 

L 

Wl,cm  3 

10 

20 

I,  A 

0.1 

1 

4 

Practical  values  are  somewhat  lower,  as  in  practice 
Lb<  0.25W1  and  beam  radius  is  less  than  it  was 
assumed. 


Conclusions 

Some  statistical  data  are  used  to  explain  low 
efficiency  in  X-band  accelerators  compared  to  S  and 
L  band.  Numbers  show,  that  approach  to  X-band 
accelerator  design  is  usually  done  to  get  maximum 
energy  for  a  given  power  value  and  sacrifices, 
therefore,  with  efficiency. 
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INSTALLATION  AND  COMMISSIONING  OF  THE  E+/E-  INJECTOR 

FOR  DA^NE  AT  FRASCATI 


K.  Whitham,  H.  Amankath,  J.  Edighoffer,  K.  Fleckner,  E.  Gower,  S.  Lyons,  D.  Nett,  D.  Palmer, 

R.  Sheppard,  S.  Sutter,  P.  Treas,  A.  Zante 
Titan  Beta,  Dublin,  CA  94568 
R.  Miller 
SLAG 

R.  Boni,  H.  Hsieh,  F.  Sannibale,  M.  Vescovi,  G.  Vignola 
Instituto  Nazionale  di  Fisica  Nucleare 


I.  INTRODUCTION 

The  electron-positron  injector h  2  f^j. 
project  at  INFN-LFN  is  being  installed  and  will  begin 
commissioning  this  summer  at  Frascati.  This  is  a  S- 
band  rf  linac  system  utilizing  four  45  MW  SLEDed"^ 
klystrons  and  15,  3  m  traveling- wave  accelerating 
sections.  It  is  designed  to  deliver  a  250  MeV,  4  ampere 
electron  beam  to  the  positron  converter,  followed  by  an 
accelerator  that  captures  and  accelerates  the  resulting 
positrons  to  the  ring  injection  voltage  of  510  MeV.  All 
major  subsystems  are  in  place.  This  system  is 
undergoing  final  installation,  alignment  and  subsystem 
testing.  Also,  system  integration  is  beginning.  Beam 
testing  and  positron  generation  will  begin  this  summer. 
Commissioning  and  final  acceptance  are  expected  to  be 
complete  by  the  end  of  the  year. 

IL  SYSTEM  DESCRIPTION 

Figure  1  shows  one  of  the  four  RF  units,  consisting  of 
a  pulsed  modulator,  klystron  and  SLED  cavities. 

The  Linac  System  consists  of  (see  Table  1): 

1.  A  high  current  linac  designed  to  produce  250  MeV,  4 
ampere  beam  with  a  1  mm  radius  spot  at  the 
position  converter.  This  section  includes  the 
electron  gun  and  high  current  linac,  which  are 
useable  in  both  positron  and  electron  ring  filling 
modes. 


Table  1:  DAONE  Linac  Design  Parameters 
General 


RF  Frequency 

Klystron  Power 

No.  of  Klystrons 

No.  of  SLED  Cavities 

No.  of  Accelerator  Sections 

Beam  Repetition  Rate 

Beam  Pulse  Width  (FWHM) 


2856  MHz 
45  MW  each 
4 
4 

15  +  Bun  &  Prebun 
50  Hz 
10  ns 


High  Current  Electron  Linac 


No.  of  Accelerating  Sections 

5  +  Bun  &  Prebun 

Gun  Current 

10  Amps 

Nominal  Gun  Voltage 

120  KV 

Current  at  Positron  Converter 

>4.0  Amps 

Energy  at  Positron  Converter 
Emittance  at  Pos  Conv 

250  MeV 

(geo  RMS) 

<  =  1  mm  mrad 

Energy  Spread  (FWHM) 

±  5% 

Focused  Beam  Spot  (FWHM) 

*“2  mm 

Positron  Converter 

Type 

SLAC  SLC 

Target 

Tungsten 

Target  Thickness 

6,  7,  8  mm  (selectable) 

Tapered  Flux  Compressor 

4.3  T  pulsed 

Tapered  Solenoid 

Solenoidal  Field  over 

1.2  T 

Capture  Section 

.5T 

Electron  Separation 

Chicane  Magnet 

Positron  Linac 

No.  of  Accelerating  Sections 

10 

Final  Energy 

>510  MeV 

Useful  Output  Positron  Current 
Emittance  at  510  MeV 

>36  mA 

(geometric  RMS) 

<  =  5  mm  mrad 

Energy  Spread  (FWHM) 

±  1% 

High  Energy  Electron  Linac  Mode 

Final  Beam  Energy 

>510  MeV 

Useful  Output  Current 
Emittance  at  510  MeV 

>  150  ma 

(geometric  RMS) 

<=  1  mm  mrad 

Energy  Spread  (FWHM) 

±  0.5% 
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Figure  1:  Modulator,  Klystron  and  SLED  Cavities 

2.  An  electron  to  position  converter  based  on  the  SLAC 
SLC  positron  converter  design. 

Figure  2  shows  the  "High  Current"  portion  of  the 
accelerator. 


Figure  2:  High  Current  Linac 


3.  A  low  current  accelerator  designed  to  produce  up  to 
550  MeV,  unloaded,  for  accelerating  either  positrons 
or  electrons  at  low  current  to  match  the  510  MeV 
ring  energy.  There  is  a  chicane  magnet  after  the  first 
two  accelerating  sections  to  remove  the  electrons 
from  the  beam. 

Figure  3  shows  the  final  focusing  triple,  positron 
converter,  the  solenoid  magnets  over  the  capture 
section  and  the  rest  of  the  "Low  Current"  portion  of 
the  accelerator. 


Figure  3:  Triple  Position  Converter  and  Low  Current 
Linac 


4.  A  control  and  data  acquisition  system  giving  remote 
control  and  beam  data  acquisition  and  analysis  to  the 
main  control  room  operators.  The  control  system  runs 
on  an  Apple  Macintosh  under  Labview  interfaced 
through  CAMAC  to  the  hardware.  The  data 
acquisition  system  similarly  runs  on  an  Apple 
Macintosh  under  Labview  interfaced  to  two  Tektronix 
TDS644  digital  oscilloscopes  used  as  remote  transit 
digitizers.  This  is  an  inexpensive  but  powerful 
control  and  data  acquisition  system. 

Figure  4  shows  the  entire  accelerator  fi:om  the  output 
end. 
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Figure  4:  Entire  Injector  From  Output  End 


III.  INSTALLATION  STATUS 

All  subassemblies  are  in  place,  wired  and  plumbed. 
All  the  klystrons  have  been  installed  and  being  tested 
with  the  modulators.  The  evacuated  rf  waveguide  is 
complete  on  the  first  two  rf  subsystems.  Installation  of 
the  remaining  rf  waveguide  and  beamline  vacuum 
components  is  nearing  completion.  Alignment  of  the  rf 
accelerator  sections  is  complete.  Alignment  of  all  the 
magnets  is  also  nearing  completion. 

IV.  COMMISSIONING  START 

The  first  two  rf  subsystems,  including  the  first  7 
sections,  are  about  to  be  rf  conditioned.  Beam  testing  is 
expected  to  begin  within  a  couple  of  months. 

Verification/repetition  of  factory  testing  of  the  "High 
Current"  portion  of  the  accelerator  will  be  done  first^. 
The  factory  test  achieved  4  amps  at  the  positron 
converter  position  focused  to  a  .94  x  1.56  mm  FWHM 
spot.  The  energy  was  measured  at  240  MeV,  a  bit  less 
than  the  design  value  of  250  MeV,  but  within  acceptable 
limits.  No  attempt  was  made  at  the  factory  to  produce 
positrons  because  of  radiation  problems. 

Positron  production  will  begin  about  a  month  later. 
Optimizing  positron  yield  and  transport  with  the  required 
beam  parameters  is  expected  to  take  the  most  time. 
Final  acceptance  testing  and  availability  to  inject  into 
the  damping  ring  is  expected  by  the  end  of  the  year. 
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L  INTRODUCTION* 

Accelerators  for  the  production  of  radioactive  ion  beams 
have  been  proposed  by  many  laboratories.  A  wide  range  of 
researches  in  nuclear  physics  can  be  carried  out  with  a  6-10 
MeV/n  radioactive  beam.  For  the  ion  source  to  produce  high 
intensity  beams,  the  initial  charge-to-mass  ratio  must  be  as 
low  as  possible,  1/60,  for  instance;  but  the  cost  of  a  linac  for 
these  beams  becomes  high.  Recently  at  TRIUMF  a  1 .5  MeV/n 
linear  accelerator  accepting  ions  with  q/A=l/30  has  been 
proposed  [1].  Possessing  the  feature  of  variable  energy,  this 
linac  can  provide  for  various  experiments  in  astrophysics.  A 
similar  project  is  under  consideration  at  INR.  Below  we 
describe  the  optimized  design  of  the  linac  for  the  energy 
range  2  keV/n  to  1.76  MeV/n,  calculation  of  the  rf  power 
consumption  in  the  accelerating  structures  by  MAFIA  code 
and  end-to-end  beam  dynamics  simulation  in  the  realistic  rf 
field  distribution. 

II.  ACCELERATOR  STRUCTURE 

The  linac  comprises  five  parts:  1)  prebuncher;  2)  RFQ;  3) 
prestripper  linac  (PSL);  4)  matching  and  stripping  section 
(MSS)  at  beam  energy  357  keV/n  and  5)  poststripper  linac 
(POSL).  The  linac  layout  is  shown  in  fig.  1. 


The  linear  accelerator  is  characterized  with  the  following 
properties: 

•  The  98.6%  capture  of  the  2  keV/n  cw  ion  beam  with 
q/A=l/30  and  acceleration  up  to  the  energy  1.76  MeV/n; 

•  Extremely  low  rf  power  consumption  which  allows  to 
operate  in  cw  mode  for  the  all  ion  species  with  q/A=l/30  and 
mass  number  up  to  240.  According  to  simulation  by  MAFIA 
code,  the  required  rf  power  is  -140  kWt  for  the  whole  linac; 


*  The  research  described  in  this  publication  was  made  possible  in 
part  by  Grant  N6I000  from  the  International  Science  Foundation. 


•  The  accelerator  includes  a  spectrometer  magnet  to 
separate  and  dump  the  parasitic  ions  formed  downstream  of 
the  stripper  which  mades  the  linac  radiation  free; 

•  Despite  the  very  low  q/A  and  frequency  (35  MHz)  the 
RFQ  is  short  enough  (3.9  m)  to  have  just  one  tank;  the  RFQ 
has  been  designed  to  provide  longitudinal  matching  to  the 
following  accelerating  structure  without  an  additional 
rebuncher; 

•  There  is  an  essential  rf  power  saving  due  to  the  use  of 
IH  type  accelerating  structure  beginning  from  the  very  low 
beam  energy  (60  keV/n); 

•  The  stripping  energy  357  keV/n  allows  to  keep  all 
possible  ion  species  on  high  intensity  level;  the  linac  can  be 
upgraded  to  higher  energies  by  the  addition  of  further 
accelerating  structures; 

•  Smooth  energy  variation  in  the  range  0.2-1.76  MeV/n. 
In  the  range  0.2-0.5  MeV/n  the  rms  energy  spread  is 
(AW/W)nns  <  0*5%  ,  for  the  higher  energies  (AW/W)rms  < 
0.2%  ;  as  a  rule,  the  energy  spread  on  the  base  is  ±3  (A 
W/W)nns. 

•  Due  to  the  negligible  transverse  emittance  growth  on 
the  stripper  (30%-50%  for  the  most  of  ion  species)  the 
aperture  diameter  is  equal  to  2  cm  throughout  the  linac 
accelerating  structures.  The  transverse  normalized  acceptance 
for  the  whole  linac  is  O.STC-mm  rnrad  which  is  3  times  larger 
than  expected  2  keV/n  beam  emittance. 

The  main  parameters  of  the  linac  are  listed  in  the  table  1. 


Table  1 


Tank 

RFQ 

IH-1 

IH-1 

IH-3 

IH-4 

IH-5 

IH-6 

q/A 

1/30 

1/30 

1/30 

1/9 

1/9 

1/9 

1/9 

f,MHz 

35 

35 

35 

70 

70 

70 

70 

cPs.deg 

-25 

-25 

-25 

-25 

-25 

-25 

Worn. 

MeV/h 

0.06 

0.199 

0.357 

0.582 

0.90 

1.297 

1.755 

L,  m 

3.89 

4.55 

4.34 

1.02 

1.28 

1.56 

1.92 

D,  m 

1.0 

1.8 

1.8 

1.0 

1.0 

1.0 

1.0 

Reff. 

MOm/m 

500^ 

278 

196 

310 

245 

202 

164 

P,kWt 

31.5 

8.3 

16.6 

8.0 

15.8 

24.7 

32.8 

The  characteristic  resistance  [kOm-m]. 


A.  RFQ 

The  geometry  generation  of  the  RFQ  has  been  done 
following  ref,  [2].  However  the  shaper  has  been  replaced  by  a 
klystron  buncher  and  an  external  prebuncher  has  been  added 
one  meter  upstream  the  RFQ.  During  the  beam  dynamics 
study  the  Yamada’s  design  procedure  has  been  slightly 
modified  in  order  to  minimize  longitudinal  emittance.  The 
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RFQ  resonator  is  followed  by  the  IH  structure  and  between 
the  RFQ  and  IH  tank  there  is  53  cm  space  for  two  matching 
quadrupoles.  To  provide  longitudinal  matching,  a  bunch 
rotator  containing  10  cells  of  unmodulated  electrodes  and 
four  cells  of  modulated  electrodes  with  =  -“90°  has  been 
inserted  into  RFQ.  The  RFQ  output  energy  has  been  chosen 
from  the  analysis  of  the  efficiency  of  RFQ  and  IH  structures 
[3].  The  variation  of  the  main  RFQ  parameters  with  respect  to 
the  cell  number  are  shown  in  fig.  2.  The  evolution  of  the 

space  is  shown  in  fig. 
3.  The  bunch  rotator 
forms  a  converging 
beam  in  longitudinal 
phase  space  that 
allows  to  have  a  long 
drift  space  between 
RFQ  and  IHtructure. 
The  beam  phase 
portrait  at  the  entrance 
of  the  IH  structure  is 
shown  in  fig.  3b  . 

b) 


-stt  m  ae  4b 
phasie.  deg 

AW/W  c)  AW/W  d) 

.03 

.ea 

.  ax 


■3  -t . . . i . ; . • 

-4a  -aa  a  aa  4a 

phase,  deg 

Fig.  3.  Beam  image  evolution  in  longitudinal  phase  space 
a)  RFQ  entrance,  b)  Output  of  the  cell  #180  -  the  end  of 
acceleration,  c)  Output  of  the  cell  #193  -  the  end  of 
longitudinal  drift,  d)  Output  of  the  RFQ,  after  bunch  rotator. 

B,  Prestripper  Linac 

As  a  prestripper  linac  in  the  energy  range  60  keV/n  to 
360  keV/n  the  IH  structure  with  FODO  focusing  has  been 
proposed.  The  use  ofthe  FODO  focusing  structure  simplifies 
the  transverse  matching  between  RFQ  and  IH  structure. 
Having  just  one  qaudrupble  lens  inside  the  drift  tubes  per  four 
accelerating  gaps,  the  modified  IH  structure  consumes  very 
low  rf  power.  The  superperiod  of  the  accelerating  structure 
consists  of  3  accelerating  cells  with  3-7C  phase  advance  of  the 
rf  field  and  a  long  drift  tube  containing  the  quadrupole  lens 
and  a  gap  with  additional  3-7C  phase  advance.  A  superperiod 
of  the  structure  is  shown  in  fig.  4  as  it  is  used  for  the  MAFIA 


phase,  deg 


beam  image  in  longitudinal  phase 
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Total  energy  W,  MeV 
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Fig.  2.  RFQ  parameters  VS  cell 
number 
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simulation.  The  total  power  consumption  and  effective  shunt 
impedance  have  been  found  from  the  simulation  of  several 
superperiods  of  the  whole  tank. 


Fig.  4.  Superperiod  of  the  7c3-37r  IH  structure  and  accelerating 
field  distribution 

Tuning  the  accelerating  field  along  the  IH  structure  and 
the  mechanical  design  of  the  tank  can  both  be  simplified  if 
the  gap  voltage  is  accepted  to  be  constant  along  the  tank 
(except  the  end  cells).  To  keep  high  accelerating  gradients 
two  IH  tanks  with  the  total  length  -9  m  have  been  chosen. 
The  gap  voltages  are  120  kV  and  215  kV  in  the  first  and 
second  tank  accordingly.  For  the  design  of  the  focusing 
structure  a  standard  procedure  based  on  the  analysis  of  the 
transport  matrices  of  the  focusing  period  has  been  used.  The 
strengths  of  the  focusing  gradients  satisfy  the  transverse 
effective  emittance  preservation  condition  Oj  >  0,70^.  Where 
C'Y  and  Ol  are  phase  advances  of  the  particle  motion  per 
focusing  period  on  transverse  and  longitudinal  phase  plane 
accordingly. 

C  Matching/Stripping  Section 

The  matching  and  stripping  section  consists  of:  a  carbon 
stripper,  four  15°  rectangular  bending  magnets;  70  MHz 
rebuncher,  one  qaudrupole  triplet  and  two  single  lenses,  beam 
dumps  for  the  parasitic  ion  species. 

The  carbon  stripper  is  installed  at  the  output  of  the  PSL 
(fig.  1).  Due  to  the  relatively  high  stripping  energy  all 
radioactive  ion  species  with  mass  number  up  to  240  will  be 
kept.  The  transverse  rms  emittance  growth  due  to  stripper  is 
~30%~50%  for  the  most  of  ion  species.  The  additional  rms 
energy  spread  contributed  by  the  stripper  is~0.1%-0.2% 
which  slightly  increases  longitudinal  emittance.  Four  bending 
magnets  allow  to  separate  all  radioactive  ions  with  non¬ 
equilibrium  charge  state.  The  beam  dumps  installed  at  the 
high  dispersion  points  safely  absorb  parasitic  radioactive  ions 
and  provide  radiation  free  linac. 

D.  Poststripper  Linac 

The  K-%  IH  type  accelerating  structure  for  the  POSL  has 
been  considered  most  suitable.  Operating  at  fields  well  below 
breakdown,  the  POSL  accepts  all  ion  species  produced 
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downstream  of  the  stripper  with  q/A  as  low  as  1/9.  The  use  of 
lower  accelerating  gradients  promotes  lower  rf  power 
consumption  as  well  as  lower  energy  spread  of  the  accelerated 
beam.  Main  specification  to  the  POSL  is  the  possibility  of  the 
smooth  energy  variation  in  the  range  0.2-1.76  MeV/n. 
Therefore  the  POSL  comprises  several  tanks  powered 
separately.  In  order  to  provide  maximal  shunt  resistance, 
focusing  elements  are  not  included  inside  the  tanks.  The 
criteria  to  choose  the  tank  length  are  following:  short  enough 
to  provide  transverse  beam  dynamics  stability  as  well  as 
smooth  energy  variation  keeping  energy  spread  small,  long 
enough  in  order  to  avoid  a  low  shunt  resistance. 

From  studies  with  the  MAFIA  code  as  well  as  beam 
dynamics  code,  a  15  gap  IH  accelerating  tanks  have  been 
selected.  The  beam  focusing  is  provided  by  triplets  installed 
between  the  tanks.  The  lengths  of  the  triplet  quadrupoles  are 
9.2  and  16  cm  which  have  been  optimized  in  order  to  have 
lowest  focusing  gradients.  The  bore  radius  for  all  quadrupoles 
is  1.5  cm  and  the  focusing  gradients  are  in  the  range  4. 1-5.6 
kGs/cm  for  the  lowest  value  of  q/A. 

The  diameter  of  all  four  IH  tanks  of  the  POSL  are  equal 
to  one  meter.  In  order  to  tune  to  the  resonant  frequency  and 
desired  voltage  distribution  along  the  tank,  the  magnetic  flux 
inducer  size,  ridge-to-ridge  distance  as  well  as  cell  parameters 
will  be  fitted. 

IL  BEAM  DYNAMICS  SIMULATION 

For  the  design  and  simulation  of  theRFQ  the  beam 
dynamics  code  DESRFQ  has  been  developed  which  runs  on 
an  IBM  PC  computer.  In  addition  to  standard  procedures 
associated  with  design  and  simulation  procedure  in  the  RFQ, 
DESRFQ  allows  to  animate  the  beam  images  on  the  phase 
planes  during  the  simulation;  which  is  very  helpful  for  the 
beam  parameters  optimization.  The  particle  coordinates 
output  from  the  RFQ  are  accepted  by  LANA  code  [4]  in  order 
to  simulate  the  beam  dynamics  in  the  PSL,  MSS  (including  a 
stripper)  and  POSL.  The  LANA  code  produces  drift  tube 
geometry  using  two  dimensional  realistic  electric  field 
distribution  Ez(r,z),  Ei-(r,z)  along  the  tank  axis. 

The  beam  envelope  taken  for  all  particles  accepted  by  the 
RFQ  (98.65%)  along  the  IH  linac  is  shown  in  fig.  5.  The 
normalized  acceptance  of  the  whole  linac  is  0.8  Tt  mm-mrad 
which  is  safe  enough  in  order  to  avoid  any  particle  losses. 

A.  Beam  energy  variation 

The  beam  energy  variation  can  be  produced  by  changing 
phase  ((p)  or/and  amplitude  (E)  of  the  rf  field  in  the  IH  tanks. 
The  energy  adjustment  procedure  does  not  increase  transverse 
emittance  and  produces  the  intermediate  beam  energies 
without  any  degradation  of  the  energy  spread.  As  it  follows 
from  beam  dynamics  simulation,  there  is  an  optimal  path  in 
the  plane  (E,  cp)  in  order  to  obtain  minimal  energy  spread 
during  the  procedure  of  the  energy  variation.  The  families  of 
curves  obtained  by  the  variation  of  rf  field  level  in  the  range 


(0.4-1. 0)  Eo  as  well  as  rf  phase  in  the  range  (0,-200^^)  in  each 
four  tanks  are  shown  in  fig.  6.  The  envelope  curve  shows 
minimal  energy  spread  which  can  be  obtained  for  the  certain 
beam  energy  selecting  rf  phase  and  amplitude  on  the  tank 
being  adjusted.  To  transport  a  beam  with  intermediate  energy 
to  the  accelerator  end  the  focusing  triplets  must  be  retuned. 


Fig.  5.  Beam  envelope  (100%  particles)  along  the  IH  linac. 
(AW/W)nns% 


Beam  energy,  MeV/n 

Fig.  6.  Beam  energy  spread  as  a  function  of  the  beam  energy 
obtained  by  the  phase  variation  in  the  tanks  of  the 
poststripper  linac.  The  parameter  is  the  rf  field  level  in  the 
range  (40-100)%  of  the  nominal  level. 
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A  post  accelerator,  primarily  to  provide  beams  of  interest  to 
nuclear  astrophysics  users,  is  included  in  the  upgrading  and 
expansion  of  the  radioactive  beam  facility  at  TRIUMF.  Singly 
charged  ion  beams,  with  A  <  30,  delivered  from  the  on  line 
mass  separator  with  an  energy  of  2  keV/u,  will  be  accelerated 
in  a  stage  linac  consisting  of  an  RFQ  and  a  post-stripper  drift- 
tube.  As  a  consequence  of  the  low  charge-to-mass  ratio  of  the 
ions,  a  low  operating  frequency  for  the  RFQ  is  required  to 
achieve  adequate  transverse  focusing.  CW  operation  is  specified 
to  preserve  beam  intensity.  Because  of  its  relatively  high 
specific  shunt  impedance,  mechanical  stability,  and  the  absence 
of  vane  voltage  asymmetries  in  the  end  regions,  the  split-ring 
4-rod  RFQ  structure  has  been  chosen.  Several  cold  models 
have  been  built  to  study  three  different  types  of  split-ring  RFQ 
structures.  Specific  shunt  impedance  and  longitudinal  field 
have  been  measured.  A  comparison  of  these  measurements  for 
various  split-ring  structures  is  presented. 

1.  INTRODUCTION 

A  radioactive  beam  facility  based  on  the  ISOL  method 
with  a  post  accelerator  was  proposed  at  TRIUMF  in  1985  [1]. 
Two  years  ago  a  new  study  of  the  post  accelerator  was  started. 
The  specifications  dictated  primarily  by  the  nuclear 
astrophysics  interests,  required  a  maximum  energy  of  1.5 
MeV/u  for  ion  beams  with  A  <  30. 

The  acceleration  of  ions  with  small  charge  to  mass 
ratio  requires  a  low  frequency  RFQ.  At  low  fiequency  the  size 
of  the  conventional  4-vane  RFQ  tank  becomes  very  large.  To 
reduce  the  size  of  the  cavity  diameter  for  frequencies  less  than 
200  MHz,  the  4-vane  structures  are  replaced  by  a  form  of  4-rod 
structure  in  which  the  quadrupole  electrodes  (rods)  are  part  of  a 
resonant  circuit  consisting  of  a  combination  of  lumped  and 
distributed  inductances  and  capacitances.  Two  basic  type  of  4- 
rod  structure  have  been  reported  in  the  literature,  viz.  the  stem 
supported  0-mode  4-rod  structure  [5,7],  and  the  split-coaxial 
structure[2,3,4].  A  unit  cell  of  the  later  may  be  viewed  as  two 
end-to-end  ^/4  coaxial  lines  with  orthogonal  rod  pairs 
interleaved  to  form  the  quadrupole  electrode  geometry.  The 
distributed  inter-electrode  capacitance  and  rod  inductance 
determine  the  structure  resonant  frequency.  In  a  unit  cell  of  a 
stem  supported  structure  on  the  other  hand,  the  two  stems  for 
the  two  rod  pairs  form  the  inductance  that  resonates  with  the 
inter-electrode  capacitance. 

Since  the  unstable  ion  beams  are  produced 
continuously  in  the  ISOL  target-ion  source,  operation  of  the 
RFQ  in  CW  mode  is  desirable  to  preserve  beam  intensity.  To 
avoid  high  power  dissipation  concomitant  potential  structure 
distortion,  an  efficient,  i.e.,  high  shunt  impedance,  RFQ 
structure  is  then  required.  With  the  exception  of  a  33  MHz 
RFQ  at  the  University  of  Kyoto[6],  no  other  low  fiequency 
RFQ  operating  in  cw  mode  has  been  reported.  To  address  our 


needs  therefore,  a  development  program  was  undertaken  at 
TRIUMF. 

II.  MODEL  DESIGN 

According  to  the  beam  dynamics  the  ISAC-l’s  RFQ 
will  be  8.2  m  long,  and  assuming  a  power  dissipation  of  15 
kW  per  meter,  the  value  of  the  shunt  impedance  should  be 
larger  than  300  kQ^m.  Since  the  RFQ  is  very  long  it  will  be 
suitable  to  select  among  candidates  RFQ  one  that  can  be  built 
into  several  modules.  The  alignment  of  the  rods  in  each 
individual  module  can  be  done  much  easily  before  insertion  of 
the  structure  into  the  tank.  In  order  to  do  so  it  is  easier  if  the 
longitudinal  current  on  the  rods  presents  nulls  located  at  the 
same  position  on  all  the  four  rods.  The  current  passing 
through  the  contact  will  be  negligible.  This  is  the  case  for  the 
split-coaxial  RFQ,  the  nulls  are  located  are  the  point  where  the 
vanes  (or  rods)  are  suspended.  In  the  “0-mode  RFQ  structure” 
the  surface  current  is  largely  confine  in  the  “U”  shaped  support 
structures,  and  are  theoretically  zero  on  the  rods  at  the 
symmetry  points  between  support  structures.  To  optimize  the 
shunt  impedance  of  the  later,  the  supports  are  equally  spaced 
and  then  the  nulls  are  not  any  longer  located  at  the  same 
longitudinal  position  along  the  RFQ.  This  was  observed  by 
measuring  a  voltage  unbalance  between  each  rod  and  the  end- 
plate.  We  have  observed  that  the  voltage  asymmetry  depoids 
on  the  separation  between  the  rod’s  supports. 

After  many  attempts  we  found  that  the  split-ring 
RFQ  has  a  very  smdl  voltage  asymmetry  in  the  end  region.  In 
this  structure  the  separation  between  the  stems  is  much 
smaller  than  in  the  conventional  two-stem  RFQ  structure. 
Furthermore,  the  split-ring  4-rod  RFQ  structure  has  been 
chosen,  because  of  its  relatively  high  specific  shunt  impedance 
and  mechanical  stability.  The  models  were  made  from  copper, 
and  a  modular  assembly  technique  was  used  in  order  to  take 
advantage  of  the  same  electrodes,  tank  and  the  main  ring.  Table 
1  gives  the  basic  dimensions  of  the  4-rod  split-ring  RFQ.  The 
top  quarters  of  the  rings  were  removable,  and  there  were  three 
sets  of  rod’s  supports  that  could  be  attached  to  the  structure  to 
examine  the  effects  of  the  different  configurations.  These  three 
split-ring  shapes  are  labeled  RFQ_1,  RFQ_2  and  RFQ_3. 
Figure  1  shows  the  three  types  of  RFQ  and  fig  2  shows  the 
detail  of  the  rod's  attachment  in  the  central  region. 

Table  1-  Dimensions  of  the  4  rod  split-ring  RFQ  cold  models. 


R  (cm) 

8.811 

r  (cm) 

0.952 

z  (cm) 

2.54 

S  (cm) 

2.54 

Drod  (mm) 

4.763 

RO  (mm) 

2.381 

Shape 

Rectangular 

Diameter  (cm) 

27.5 
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Table  2  summarizes  the  results  for  those  three  types 
of  split-ring  4-rod  RFQ.  The  number  of  modules,  the  total 
RFQ's  length,  frequency,  Q  value  and  shunt  resistance. 


Table  4  -  Phase  and  voltage  measurement 


RFQ^l  RFQ_2  RFQ_3 

Fig.  1  -  Schematic  drawing  of  the  4-rod  split-ring  RFQ. 

^^^^^^4.763  mm 


1 

191 

77.860 

3140 

49.6 

5 

953 

78.244 

3040 

50.3 

1 

191 

68.738 

3390 

56.3 

5 

953 

67.639 

2930 

56.4 

1 

185 

75.150 

3372 

49.4 

3 

572 

71.587 

3232 

69.4 

Ring  radius  (mm) 

88.11 

Ring  width  (mm) 

25. 

Tip  radius  (mm) 

2.38 

Bore  radius  (mm) 

2.38 

Number  of  modules 

3 

Separation  between  modules 

19.05 

RFQ  length  (mm) 

571.5 

Fig.  2  -  Central  region  of  the  split-ring  4-rod  RFQ. 

Table  2  summarize  the  results  obtained  for  the  cold 

models. 

Table  2  -  Results  of  the  measurements  on  the  split-ring  4-iod 
RFQ  cold  models 

^  Type  #  L  f  Q  *  ^  ^ 

module  mm  MHz 


AO  is  the  phase  difference  between  the  reference 
signal  and  the  probes.  The  phase  on  probes  1-3  and  2-4  should 
be  the  same.  AV  is  the  voltage  difference  between  the  vane  and 
the  end  plate  located  at  ground  potential.  Here  we  can  see  the 
voltage  asymmetry  between  electrodes  1-3  and  2  -  4  is  very 
small.  For  the  split-ring  type  RFQ  the  phases  on  electrodes  1- 
3  and  2-4  are  very  close.  Also,  the  phases  and  the  voltages  are 
the  same  at  each  end  of  the  rod. 


0  100  200  300  400  500  600  700 

z  (mm) 

Fig.  3  -  Field  distribution  along  the  RFQ. 

B  Electric  field  distribution 


The  poor  Q-value  can  be  explained  by  the  use  of  a 
modular  assembly  technique  chosen  to  spare  machining. 

III.  ELECTRIC  FIELD  MEASUREMENTS 

A  Voltage  and  phase  measurement 

The  voltage  and  the  phase  on  each  individual  rod  woe 
measured  using  a  Hewlett  Packard  vector  voltmeter  with  a 
Hewlett  Packard  network  analyzer  as  the  rf  source. 

The  split-ring  4-rod  RFQ  has  the  advantage  that  the 
separation  between  the  rod  supports  is  very  small.  For  this 
reason  the  voltages  on  each  pair  of  rods  are  nearly  equal.  We 
also  verify  that  this  RFQ  has  a  pure  quadrupole  mode.  Table  4 
shows  the  results  of  the  cold  model  measurements  of  the  RFQ 
structure. 


The  electric  field  distribution  along  the  RFQ  was 
measured  using  the  bead-pull  technique.  The  bead  was  placed 
between  the  RFQ  electrodes  and  pulled  along  the  RFQ  axis  by 
a  computer  controlled  stepping  motor.  The  frequency  shift  was 
measured  at  each  step  from  which  the  field  strengths  were 
calculated.  Figure  3  shows  the  electric  field  obtained  with  the 
three  modules  connected  to  each  other. 

IV.  MODULE  LENGTH 

Using  the  cold  model  RFQ_3  the  module  length  was 
varied  from  10  cm  to  20  cm  in  order  to  find  the  optimum 
value  for  the  specific  shunt  impedance,  Rs=VpV(2P/l),  where 
Vp  is  the  peak  voltage  difference  between  two  electrodes  and 
P/1  the  power  loss  per  unit  of  length.  Figure  4  shows  the 
scaled  shunt  impedance  as  a  function  of  the  separation  between 
two  adjacent  split-rings.  The  solid  line  is  a  plot  of  the 
calculated  shunt  impedance  using  the  expression  for  the  q  value 
and  the  shunt  impedance. 
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where, 


R  Total  - 


o6 


hn  I 

2r  +  z  127iDRod> 


and 


Cj  =Cj  +  Cq/Lj^jjj  , 

where,  Ct  is  the  capacitance  per  unit  length  and  Cq  the  residual 
capacitance  of  one  module,  z  is  the  ring  width,  2r  is  the  radial 
width  of  the  ring,  is  the  length  of  the  inner  surface  of  the 
ring  and  Drqd  is  the  rod  diameter.  The  inductance  is  expressed 
using  a  formula  for  the  self  inductance  of  a  ring  with 
rectangular  cross  section, 

L = N  4jt  R  [l/2  {l + 1/6  (r/R)^  }  In  8/(r/R)^  -  0.03 + 0.04  (r/R)" 

where,  r/R  is  the  ration  of  the  minor  to  major  radius,  and  N  is 
a  normalization  factor  deduced  from  a  fit  of  the  measured 
inductances  of  various  split-ring  models.  For  RFQ_3  model  N 
is  equal  to  0.61. 


Fig.  5-  Scaled  cold  model  of  the  new  split-ring  4-rod  RFQ. 


Fig.  4  -  Scaled  shunt  impedance  to  35  MHz  as  a  function  of 
the  separation  between  two  split-rings. 

The  shunt  impedance  shows  a  broad  peak  centered 
around  35  cm.  Simulations  using  MAFIA  give  a  similar  value 
[8]. 

VI.  NEW  SPLIT-RING  RFQ  COLD  MODEL 

A  new  cold  model  split-ring  4-rod  RFQ  based  on  the 
results  of  the  MAFIA  simulation,  was  built,  see  Fig.  5.  The 
dimensions  were  optimized  for  the  best  shunt  resistance.  Table 
5  gives  the  dimensions  of  the  structure  and  also  the  shunt 
resistance,  phases  and  voltages  between  the  end  plate  and  the 
rods. 


Table  6  -  Phase  and  voltage  measurement  of  the  split-ring  4- 
rod  RFQ. 


Ring  radius  (mm) 

150 

Ring  width  (mm) 

70 

Tip  radius  (mm) 

3.5 

Bore  radius  (mm) 

3.5 

Number  of  module 

1 

Separation  between  module  (mm) 

175 

RFO  length  (mm) 

175 

Frequency  (MHz) 

64.9475 

Shunt  Resistance(35MHz)  (  kD»m) 

282. 

Probe  no 

A<I>(  Deg. ) 

AV(  Volts  ) 

1 

71.0 

11.9 

2 

-109.4 

13.3 

3 

70.9 

12.2 

4 

-107.7 

13.1 
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SIMULATION  OF  THE  TRIUMF  SPLIT-RING  4-ROD  RFQ  WITH  MAFIA 

P.  G.  Bricault  and  H.  R.  Schneider,  TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  B.  C.,  Canada,  V6T  2A3 


To  complete  the  analysis  of  the  4-rod  split-ring  RFQ  started 
with  cold  model  studies,  computer  simulations  have  also  been 
made  using  the  MAFIA  code.  Computations  of  voltage  and 
magnetic  field  distributions  were  done  for  both  a  three  and  a 
ten  module  RFQ  for  a  range  of  structure  dimensions  such  as, 
minor  to  major  radius  ratio  r/R,  ring  width,  tank  diameter,  and 
spacing  between  adjacent  rings.  Shunt  impedance  and  power 
densities  derived  from  these  computations  were  then  used  to 
optimize  the  dimensions  of  a  three  module  split-ring  RFQ 
now  under  construction. 

I  INTRODUCTION 

A  radioactive  ion  beam  facility  is  part  of  the  long 
range  plan  at  TRIUMF.  A  proposal  to  install  an  ISOL 
(isotope-separator-on-line)  and  post-accelerator  RIB  facility  at 
TRIUMF  was  first  made  in  1985[1].  Although  the  full  project 
was  not  funded  at  that  time,  an  on-line  target/ion  source  and 
mass  separator  test  facility  were  installed  on  one  of  the 
TRIUMF  proton  beam  lines,  and  has  been  used  since  1987  for 
both  target  development,  and  to  provide  low  energy  radioactive 
beams  for  experimenters.  This  project  was  revisited  some  years 
ago  and  a  new  proposal  is  being  developed.  The  radioactive 
nuclei  will  be  produced  by  the  interaction  of  an  intense  and 
energetic  proton  beam  on  a  thick  target.  After  ionization  and 
mass  analysis  the  beam  will  be  sent  to  a  post-accelerator. 

This  post-accelerator  is  mainly  dedicated  to  the  nuclear 
astrophysics  and  applied  physics  program.  The  main 
characteristics  are  the  following;  1)  cw  operation  and  good 
transmission  are  required  to  preserve  beam  intensity,  2)  must 
be  able  to  accelerate  singly  charge  ions  with  mass  A  <  30  and 
3)  the  energy  must  be  continuously  variable  from  0.2  to  1.5 
MeV/u. 

In  our  design  of  the  post-accelerator  the  front  end  is  an 
RFQ.  It  has  the  merit  that  it  can  accelerate  very  low  velocity 
ions  with  a  good  efficiency,  >  90  %.  The  main  issue  requiring 
development  for  the  post-accelerator  is  the  front  end  RFQ  since 
there  is  no  known  RFQ  operating  at  low  frequency  and  100% 
duty  cycle  for  such  a  low  charge  to  mass  ratio,  (q/A>l/30).  It 
is  important  to  select  from  candidate  RFQ  structures,  one  that 
has  a  high  specific  shunt  resistance,  so  that  the  overall  RF 
power  requirement  is  minimized.  After  building  several  cold 
models  to  study  different  types  of  RFQ  structure  [2],  the  split¬ 
ring  4  rod  RFQ  structure  has  been  chosen,  because  of  its 
relatively  high  specific  shunt  impedance,  mechanical  stability, 
and  absence  of  vane  voltage  asymmetries  in  the  end  regions. 

The  electromagnetic  code  MAFIA  [3]  was  used  to 
simulate  both  three  and  ten  module  versions  of  several  split¬ 
ring  4  rod  RFQ  configurations  and  to  assist  in  optimizing  the 
dimensions  of  the  selected  configuration.  This  obviates 
construction  of  a  large  number  of  cold  models  during  the 
optimization  process. 


II  STRUCTURE  OPTIMIZATION 

The  common  way  to  determine  the  RFQ's  RF  power 
requirement  is  to  measure  the  transverse  shunt  resistance  of  the 
structure.  We  define  the  specific  shunt  resistance  of  an  RFQ  by 
the  following  expression, 


where  Vp  is  the  inter  electrode  peak  voltage,  P  the  power  loss 
and  1  the  RFQ  length.  Many  parameters  affect  the  specific 
shunt  resistance;  the  most  important  are  the  ratio  r/R,  the  ring 
width,  the  tank  diameter  and  the  spacing  between  adjacent 
split-rings.  Fig.  1  shows  a  schematic  drawing  of  the  split-ring 
4-rod  RFQ  used  in  our  simulation. 

A.  Rs  V5  the  ring  width,  z 

Two  simulations  for  ring  widths  of  10  cm  and  15  cm 
gave  computed  shunt  resistances  of  503  kQ»m  and  560  kQ»m 
respectively.  Since  wider  ring  would  be  impractical  from  a 
mechanical  point  of  view  the  15  cm  width  was  chosen  for  all 
subsequent  calculations. 


composed  of  three  modules. 

B.  Variation  of  Rs  with  the  ratio  r/R 

Figure  2  shows  the  computed  shunt  resistance  of  a  35 
MHz  split-ring  structure  with  a  module  length  of  40  cm,  as  a 
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function  of  the  ratio  r/R,  where  r  is  the  radial  half  thickness 
and  R  is  the  mean  ring  radius.  A  value  for  r/R  between  0.15 
and  0.25  seems  to  be  a  good  design  choice.  It  should  be  noted 
that  the  inductance  of  the  ring  is  proportional  to  R  and 
decreases  with  increasing  r/R,  so  choosing  a  larger  value  for 
this  ratio  also  implies  increasing  R  if  a  fixed  design  frequency 
is  to  be  maintained. 


Shunt  Resistance  of  the  Split  Ring  4  rod  RFQ 
as  a  function  of  the  ratio  r/R 


Fig.  2  -  The  computed  shunt  resistance  and  Q  value  of  the 
split-ring  4-rod  RFQ  as  a  function  of  the  ratio  r/R  for  Lj^qd 
z  equal  40  and  15  cm,  respectively. 

C.  Rs  vs  Tank  Diameter,  D 

Each  split  ring  module  acts  as  a  half  wave 
transmission  line  resonator,  inductively  loaded  at  the  center, 
having  current  nulls  at  rod  ends  and  a  voltage  null  at  the  ring 
support  stem.  If  a  sufficiently  large  enclosing  tank  is  chosen 
so  capacitance  between  the  module  and  the  tank  wall  is  small, 
tank  wall  currents  and  power  dissipation  are  then 
correspondingly  small.  In  Fig,  3  the  calculated  shunt 
impedance  and  Q  are  plotted  as  a  function  of  tank  dameter  for 
a  35  MHz  resonant  frequency  and  a  module  length  of  40  cm.  It 
appears  from  this  that  a  tank  diameter  1  meter  or  more  in 
diameter  is  desirable.  With  this  size  the  tank  has  little 
influence  on  the  resonant  frequency  and  serves  then  only  as  the 
necessary  vacuum  enclosure. 


Variation  of  the  Shunt  Resistance 
as  a  function  of  the  tank  diameter 


Fig.  3  -  Shunt  resistance  and  Q  value  of  the  split-ring  4-rod 
RFQ  as  a  function  of  the  tank  diameter. 

D,  Rs  vs  module  spacing 

The  spacing  between  adjacent  rings  is  one  of  the  most 
important  parameters  in  the  design  of  a  split-  ring  RFQ. 
Intuitively  we  expect  an  optimum  value  for  the  spacing  since 
if  it  is  large,  the  capacitive  loading  per  module  is  large  because 
of  the  increased  rod  length.  On  the  other  hand  a  very  small 
spacing  means  significant  capacitance  between  the  rings.  In 
either  case  the  increase  in  capacitve  load  ultimately  leads  to 
reduced  shunt  impedance,  so  an  optimum  module  length  that 
maximizes  shunt  impedance  is  expected. 

Initial  calculations  were  done  for  a  three  module 
simulation.  Capacitive  end  effects  were  however  apparent.  To 
circumvent  these  the  space  between  the  rood  and  the  endplate 
was  increased  from  5cm  to  10  cm  and  a  longer,  10  module 
structure  was  simulated.  Shunt  impedances  were  calculated  for 
module  lengths  between  25  cm  and  50  cm.  Since  the  resonant 
frequency  changed  with  module  length,  all  results  were  scaled 
to  35  MHz  before  plotting  in  Fig.  4.  A  broad  peak  centered  at 
a  module  length  of  33  cm  is  evident  for  both  the  3  module  and 
10  module  simulations.  This  is  in  good  agreement  with  the 
cold  model  measurements  which  indicated  an  optimum  length 
of  35  cm  [2]. 
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Fig.  4  -  Shunt  resistance  of  the  split-ring  4-rod  RFQ  as  a 
function  of  the  separation  between  two  split-rings.  The  full 
line  and  the  dashed  line  represent  the  simulation  of  3  and  10 
modules,  respectively. 

Ill  CONCLUDING  REMARKS 

Several  MAFIA  simulation  runs  have  been  done  in 
Older  to  complete  the  analysis  of  the  4  rod  split-ring  RFQ 
started  with  the  cold  model  studies.  The  shunt  resistance  of  the 
split-ring  4-rod  RFQ  was  optimized  for  different  values  of  the 
following  parameter;  ratio  of  the  minor  to  major  radius,  r/R, 
ring  width,  z,  tank  diameter,  D,  and  spacing  between  two 
adjacent  rings. 

MAFIA  simulations  and  split-ring  4-rod  RFQ’s  cold 
model  studies  are  in  agreement.  Both  predict  an  optimum 
separation  between  two  adjacent  split-ring  around  35  cm. 

From  these  simulation,  we  are  confident  that  an 
effective  shunt  impedance  of  at  least  300  kQ®m  is  achievable 
and  as  a  consequence,  that  the  power  dissipation  per  unit 
length  will  be  easily  manageable.  Combining  the  results  of 
these  studies  with  beam  dynamics  RFQ  design  calculations 
allow  us  to  make  the  basic  parameter  selection  as  given  in 
Table  1,  for  a  prototype  3  modules  RFQ. 


Table  1  -Basic  parameters  of  the  RFQ  prototype 


RF  frequency  (MHz) 

35 

Bore  radius  (mm) 

8.6 

Vane  tip  radius  (mm) 

7.0 

Radial  ring  thickness  2r  (mm) 

80. 

Ring  radius  R  (mm) 

220 

Tank  diameter  D  (mm) 

1200 

Ring  thickness  z  (mm) 

150 

LMod  (mm) 

400 

Peak  inter-electrode  voltage  Vp  (kV) 

85 

Number  of  modules 

3 

RFO  length  (mm) 

1200 

1  MAFIA  estimations  I 

Unloaded  0 

15495 

Specific  Shunt  Impedance  (kQ*m) 

506 

RF  power  (kW) 

8.3 

References 

[1]  G.  E.  McMicheal,  B.  G.  Chidley  and  R.  M.  Hutcheon,  AECL 
8960/TRI-DN-85-3. 

[2]  P.  G.  Bricault,  D.  Joffe  and  H.  R.  Schneider,  “RFQ  Cold  model 
Studies”,  this  conference. 

[3]  MAFIA,  the  general  purpose  electromagnetic  code  produced  by 
THD-DESY-KFA  collaboration,  T.  Weiland,  6100  Darmstadt, 
Germany. 


1127 


A  LOW-CHARGE-STATE  INJECTOR  LINAC  FOR  ATLAS 


K.  W.  Shepard  and  J.  W.  Kim,  Argonne  National  Laboratory,  Argonne,  IL  60439  USA 


The  design  of  a  low-charge-state  linac  which  is  capable 
of  accelerating,  for  example,  for  injection  into  the 

existing  heavy-ion  linac  ATLAS  is  discussed.  The  injector 
linac  is  intended  for  radioactive  beam  applications,  and 
will  accelerate  a  low-charge-state  beam  to  energies  of  500 
keV/nucleon,  at  which  point  the  ions  can  be  stripped  to 
charge  states  sufficiently  high  to  be  injected  into  ATLAS. 
A  primary  design  goal  has  been  to  extend  the  very  good 
longitudinal  beam  quality  typical  of  ATLAS  to  low  charge 
state  beams.  The  proposed  injector  linac  consists  of 
several  elements.  First  is  a  gridded-gap  four-harmonic 
buncher  and  a  short  (normally-conducting)  12  MHz  RFQ 
structure,  both  operating  on  a  350  kV  open-air  variable- 
voltage  platform.  Then  comes  an  array  of  24  Mhz  and  48 
Mhz  superconducting  interdigital  accelerating  structures 
interspersed  with  superconducting  quadrupole  transverse 
focusing  elements.  Numerical  ray-tracing  studies  indicate 
that  a  transverse  acceptance  greater  than  0.257c  mm-mrad 
can  be  obtained  while  simultaneously  limiting  longitudinal 
emittance  growth  to  a  very  few  keV-nsec. 

1.  INTRODUCTION 

This  paper  discusses  the  front-end  of  the  secondary- 
linac  portion  of  a  proposed  ISOL-type  radioactive  beam 
facility,  an  overview  of  which  is  presented  elsewhere  at 
this  conference  [1].  The  proposed  facility  would  use  the 
existing  ATLAS  superconducting  heavy-ion  linac  as  an 
accelerator  for  radioactive  beams.  In  its  present  form, 
ATLAS  can  accelerate  any  ion  with  a  sufficiently  high 
(q/A  >  0.1)  charge  state  [2].  For  efficient  production  of 
most  radioactive  beams,  much  lower  charge  states  must  be 
accelerated,  at  least  for  the  first  few  MV  of  the  linac. 
Adapting  ATLAS  to  radioactive  beams,  therefore,  requires 
development  of  a  low-charge-state  injector  linac  capable  of 
maintaining  the  good  features  of  ATLAS,  particularly 
excellent  beam  quality,  large  transverse  acceptance,  and 
flexibility  in  configuration. 

The  size  of  the  injector  is  determined  initially  by  the 
mass  range  and  type  of  ion  source,  and  subsequently  by  the 
type,  number,  and  location  of  charge-strippers.  Choice  of 
the  type,  number,  and  location  of  strippers  involves  a 
complex  balance  of  factors  which  determine  the  beam 
intensity,  beam  quality,  and  size  and  cost  of  the  required 
linac  for  the  various  possible  radioactive  nuclei.  The 
options  chosen  here  are  discussed  in  reference  [1]  and  also 
below. 

An  important  technical  challenge  is  to  design  a  linac  for 
low-charge-state  ions  which  can  provide  simultaneously 
both  large  transverse  acceptance  and  also  low  longitudinal 
emittance  growth  (i.e.  good  time  and  energy  resolution). 
Large  transverse  acceptance  facilitates  high  transmission 
and  ease  of  tuning  which  will  be  particularly  important 
when  dealing  with  very  low  current  radioactive  beams. 


Large  transverse  acceptance  will  also  enable  good 
matching  to  a  variety  of  ion  sources.  The  ability  of  the 
linac  to  maintain  small  longitudinal  emittance  (Gj  of  a  few 

tens  of  71  keV-nsec),  even  for  beams  of  large  transverse 
emittance,  will  be  critical  in  enabling  experiments  to  use 
time-of-flight  techniques  while  simultaneously  providing 
good  energy  resolution  and  adequate  beam  intensity. 


IL  LINAC  CONFIGURATION 


The  low-charge-state  injector  linac  requires  strong 
transverse  focusing  at  low  velocities.  For  the  charge  states 
considered  here  (q/A  =  1/66)  the  8T  solenoid  lenses  used  in 
the  present  ATLAS  heavy-ion  linac  are  inadequate. 
Substantially  stronger  focusing  is  obtained  with  either 
magnetic  or  electric  quadrupole  lenses.  We  are  developing 
a  superconducting  magnetic  quadrupole  element  which  is 
discussed  elsewhere  at  this  conference  [3].  This  quadrupole 
,  operating  at  350  T/m  over  a  3  cm  diam.  bore,  provides 
sufficient  transverse  focusing  to  base  a  linac  on  the  same 
high  performance  48  MHz  superconducting  drift-tube 
structures  that  were  previously  developed  for  the  ATLAS 
positive  ion  injector  linac  [4]. 

Figure  1  shows  a  possible  configuration  for  the  injector 
linac:  it  consists  of  three  distinct  sections.  The  first  is  a 
two-meter  long,  normally  conducting,  12  MHz  RFQ 
accelerator  section,  operating  on  a  350  kV  variable  voltage 
platform.  The  second  section  is  a  short  (1.5  m)  drift-tube 
linac,  for  which  we  propose  to  use  24  MHz  superconducting 
drift-tube  structures.  The  third  section  constitutes  90%  of 
the  injector  linac  and  is  an  array  of  40  superconducting  48 
MHz  interdigital  cavities. 

Note  that  the  beam  is  stripped  from  a  1+  to  a  2+  charge 
state  at  the  exit  of  the  RFQ  section.  By  using  a  non¬ 
equilibrium,  thin  gas  stripper  at  this  point,  it  should  be 


-50  to  350  kV  Voltage  Platform 


Figure  1:  Elements  of  the  low-charge-state  injector 
linac.  F  ions  at  100  kV  are  accelerated  to  energies  of  500 
keV/nucleon  or  more,  then  stripped  for  injection  into  the 
existing  ATLAS  accelerator.  Ions  with  mass  >  70  require 
an  additional  stripping  immediately  following  the  RFQ 
section 
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possible  to  strip  as  much  as  50%  of  the  beam  into  a  2+ 
charge  state  [1].  Stripping  this  early  in  the  acceleration 
process  reduces  the  size  of  injector  linac  required  while 
keeping  a  large  fraction  of  the  incoming  beam. 

A.  The  Entrance  RFQ  Section 


At  an  entrance  energy  of  a  few  hundred  keV  and  charge 
state  1+,  an  electric  quadrupole  provides  the  strongest 
transverse  focusing.  This  favors  the  choice  of  an  RFQ  type 
accelerating  structure  at  the  beginning  of  the  linac.  For  the 
present  application,  however,  it  is  highly  desirable  to 
maintain  a  substantially  smaller  longitudinal  emittance 
than  is  typical  for  RFQ  implementations.  Several  features 
of  the  design  presented  here  ensure  this  result. 

A  separate,  gridded-gap  bunching  system  can  maintain 
the  longitudinal  emittance  at  a  smaller  value  than  is 
practicable  using  adiabatic  bunching  within  the  RFQ 
structure  itself  [5].  Also,  by  removing  the  bunching 
function,  the  length  of  the  RFQ  is  reduced  and  the 
efficiency  enhanced.  Placing  both  the  buncher  and  the 
RFQ  on  a  variable  voltage  platform  allows  operation  with  a 
constant  velocity  profile  for  a  wide  range  of  ion  masses. 
The  12  MHz  gridded-gap,  four-harmonic  bunching  system 
which  is  presently  in  use  on  the  ATLAS  accelerator  would 
be  suitable  for  this  application:  this  system  can  bunch  up 
to  70%  of  a  dc  beam  into  1  nsec  bunches.  The  efficiency 
could  be  further  improved  by  development  of  a  finer  grid 
structure. 

The  RFQ  should  operate  at  as  low  a  frequency  as  is 
practicable  both  to  minimize  longitudinal  emittance  growth 
and  also  to  maximize  the  transverse  acceptance.  The  split- 
coaxial  RFQ  geometry  is  appropriate  for  this  frequency 
range;  RFQ  structures  have  already  been  developed  at 
nearly  the  frequency  and  field  required  here.  The 
MAXILAC  linac  developed  at  GSI  operates  at  13  MHz  and 
provides  both  design  concepts  that  can  be  adapted  to  the 
present  application,  and  also  a  demonstration  of  the 
required  performance  [6].  We  propose  an  RFQ  structure 
with  electromagnetic  parameters  close  to  those  of  the 
MAXILAC,  but  with  a  substantially  different  vane  design. 
In  particular,  the  vanes  should  be  continuous,  e.g.  milled 
from  one  piece  of  metal.  Also,  sufficient  water  cooling 
should  be  included  to  provide  good  thermal  stability  during 
cw  operation. 

We  have  numerically  modelled  an  RFQ  structure  with 
the  following  parameters: 


Operating  frequency 
Maximum  vane  voltage 
Maximum  Electric  field 
Minimum  Aperture 
Modulation  factor 
Entrance  Velocity 
Exit  Velocity 
Number  of  cells 
Length 

Synchronous  phase 


12.125  MHz 
100  kV 

12.8  MV/m  (1.2  Kp) 

8.00  mm 

1.5 

0.0024  c 
0.0047  c 
44 

198.2  cm 
-  30  degrees 


The  RFQ  is  designed  for  a  minimum  charge  to  mass 
ratio  of  1/132:  ions  of  higher  charge  state  are 

accommodated  by  simply  scaling  both  the  platform  voltage 
and  the  RFQ  voltage  to  match.  The  peak  electric  field 
was  determined  numerically  using  the  RELAX  3D  code  for 
a  realistic  vane  geometry.  It  should  be  noted  that  while  it 
seems  feasible  to  obtain  a  cw  vane  voltage  of  100  kV 
(based  on  the  present  performance  of  MAXILAC),  the 
beam  quality  would  remain  acceptable  for  a  vane  voltage 
below  50  kV 

Numerical  ray-tracing  in  three  dimensions  has  been  per¬ 
formed  for  the  above  design,  using  a  two-term  potential  ap¬ 
proximation.  Shown  in  Figure  2  are  some  results  for  a  beam 
of  0.25  n  mm-mrad  transverse  emittance  (the  maximum 
specified  for  abenchmark  facility  by  the  North  American 
Steering  Committee  for  an  Isospin  Laboratory)  [7]. 

B.  Superconducting  Linac  Using  a  Magnetic  Quadrupole 
Lens 

We  have  evaluated  the  performance  of  linac  sections 
based  on  superconducting  interdigital  (drift-tube)  cavities 
and  a  350  T/m,  3  cm  diameter  bore  quadrupole  magnet 
described  elsewhere  at  this  conference  [4].  The  magnet  is 
employed  in  the  form  of  a  triplet  lens  with  an  overall  length 
of  approximately  26  cm.  The  linac  lattice  in  all  cases 
consists  of  a  triplet  following  each  superconducting  four- 
gap  accelerating  structure.  Numerical  ray-tracing  was 
performed  using  a  cylindrically  symmetric  approximation  to 


Cell  Number 

Figure  2:  Transverse  beam  size  and  longitudinal  emittance 
for  a  q/A  =  1/132  beam  with  0.25  7C  mm-mrad  transverse 
emittance  accelerated  through  a  2  meter  long,  44  cell 
RFQ  operating  at  12.125  MHz. 
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the  electric  fields  in  the  superconducting  drift-tube 
structures,  and  quadrupole  fields  in  the  magnets. 

We  consider  first  a  48  MHz  linac  section,  consisting  of 
forty  interdigital  cavities  and  forty  triplets.  This  linac  can 
accelerate  any  beam  with  q/A>  1/132  over  the  velocity 
range  .008  <  P  <  .033.  Figure  3  shows  the  results  of 
numerical  ray  tracing  for  a  beam  of  transverse 

emittance  67  =  0.25  K  mm-mrad  [8].  The  longitudinal 

emittance  growth  through  the  linac  is  negligible.  In  fact, 
the  transverse  acceptance  of  this  section  is  greater  than  0.6 
K  mm-mrad,  and  even  for  such  a  large  beam  the 
longitudinal  emittance  growth  is  small. 

Any  of  several  linac  structures  could  be  used  for 
accelerating  a  2+  charge  state  beam  over  the  velocity 
range  .004  <  6  <  .008  following  the  stripper  at  the  exit  of 
the  RFQ  to  the  entrance  of  the  48  MHz  superconducting 
linac.  A  possibility  considered  here  is  a  five  resonator 
array  of  25  MHz  superconducting  drift- tube  structures. 


Figure  3:  Transverse  beam  size  (for  the  first  4  cells)  and 
longitudinal  emittance  for  a  q/A  =  1/66  beam  traced 
numerically  through  a  40  cell  superconducting  drift-tube 
linac  using  magnetic  quadrupole  focusing.  The  normalized 
transverse  emittance  is  0.25  n  mm-mrad. 


Adequate  mechanical  stability  can  be  obtained  using  a 
folded  coaxial  line  structure  (recently  implemented  as  a  25 
MHz  normally  conducting  accelerating  structure)  [9].  The 
folded  line  needs  have  no  element  longer  than  1/8  wave, 
and  provides  mechanical  stability  comparable  to  existing 
48  MHz  drift-tube  structures  while  reducing  the  frequency  a 
factor  of  two.  Preliminary  numerical  ray-tracing  has  been 
performed  for  an  array  of  five  such  24  MHz  cavities,  using 
the  above  described  350  T/m  quadrupole  triplet  for 
transverse  focusing.  For  a  beam  of  transverse 

emittance  £7  =  0.25  n  mm-mrad,  an  acceptably  small 

longitudinal  emittance  growth  of  3  keV-nsec  was 
calculated  for  dbeam  with  an  input  emittance  of  5  keV- 
nsec. 

III.  CONCLUSIONS  AND 
ACKNOWLEDGMENTS 

A  low  -charge-state  injector  linac  has  been  designed 
capable  of  accelerating  beams  of  q/A>l/132.  The  linac 
exhibits  a  transverse  acceptance  greater  than  0.25  n 
mm-mrad  with  a  longitudinal  emittance  growth  of  no  more 
than  a  few  keV-nsec.  The  injector  would  adapt  the  ATLAS 
accelerator  to  the  very  low  charge  state  ion  beams  required 
for  radioactive  beam  applications,  while  maintaining  the 
present  beam  quality.  Formed  of  an  array  of  independently- 
phased  superconducting  drift-tube  structures,  the  linac 
would  permit  the  same  flexibility  in  configuration  that  has 
characterized  the  ATLAS  accelerator. 
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Abstract 

The  accelerator  facilities  at  the  Max-Planck-Institut  fiir 
Kemphysik  in  Heidelberg  will  be  upgraded  by  a  new  high 
current  injector  which  is  under  development.  The  first  phase 
will  consist  of  a  high  current  ion  source  (CHORDIS)  for 
singly  charged  ions,  two  4-ROD-RFQ-resonators  and  eight  7- 
gap-resonators.  The  ion  source  has  already  delivered  the  design 
current  of  several  mA  Li*^.  New  Vane-like'  electrodes  with 
good  cooling  properties  and  good  mechanical  stability  allow 
the  operation  of  the  RFQ-resonators  at  high  power  level  and 
duty  cycle.  The  eight  7-gap-resonators  were  constructed  and 
tested.  The  final  energy  of  the  injector  (E  =  1.8  MeV/u)  is 
matched  to  the  existing  post-accelerator.  By  adding  an  ECR- 
or  an  EBIS-  source,  the  new  injector-post  accelerator  system 
will  be  able  to  deliver  beams  up  to  uranium  with  energies 
above  the  Coulomb  barrier.  The  progress  of  the  project  will  be 
described. 

1.  Introduction 

Laser  cooling  experiments  at  the  Heidelberg  heavy  ion 
storage  ring  TSR  with  ultra  cold  beams  [1]  of  ^Be"*"  and  ^Li"*" 
are  limited  by  the  low  currents  delivered  from  the  tandem 
accelerator.  A  new  injector  will  increase  the  beam  currents  for 
these  two  ion  species  by  three  orders  of  magnitude.  The  high 
current  injector  will  consist  in  its  first  phase  of  a  commercial 
CHORDIS  ion  source[2],  two  RFQs  [3]  and  eight  7-gap 
resonators  [4]. 

Also  experiments  with  highly  charged  ions  are  frequently 
limited  by  low  beam  currents  due  to  losses  from  stripping. 
Therefore  an  ECR-  or  EBIS-source  can  be  added  in  a  second 
phase  to  increase  the  currents  for  highly  charged  heavy  ions.  In 
figure  1,  the  schematic  layout  of  the  new  injector  is  shown. 
The  accelerator  will  be  placed  parallel  to  the  tandem  and  the 
7Li  or  ^Be"*" -beams  will  be  injected  directly  into  the 
postaccelerator  acting  as  a  transfer  line.  For  the  second  phase, 
stripping  will  be  used  behind  the  last  seven-gap  resonator  and 
the  proper  charge  state  will  be  selected  by  an  achromatic 
separator  consisting  of  four  60^-magnets.  The  new  injector 
also  operates  at  108.48  MHz  like  the  existing  post  accelerator. 
The  ion  velocity  of  (3  =  v/c  =  6%  after  the  high  current  injector 
is  well  adapted  to  the  post  accelerator  and  final  energies  higher 
than  5  MeV/u  can  be  reached  for  all  ion  species  in  a  pulsed 
mode  of  operation  with  up  to  25%  duty  cycle. 


II.  The  Ion  Source 

For  the  production  of  high  currents  of  Li"*"  and  Be"*"  with 
low  duty  factor  (5  Hz,  500  |rs)  the  commercial  ion  source 
CHORDIS  [2]  is  used.  The  construction  of  the  ion  source 
section  consisting  of  the  source  on  a  platform,  a  60®  magnet 
for  isotope  selection  and  a  quadrupole  triplet  to  match  the 
beam  to  the  RFQ  section  has  been  finished.  The  CHORDIS 
ion  source  has  been  in  operation  on  its  test-bench  for  several 
hundred  hours.  Table  I  shows  a  list  of  all  ion  species  produced 
so  far  and  the  intensities  of  the  analyzed  currents  in  CW  mode. 
Also  the  extraction  voltage  U^x  is  given.  For  Be"*"  and  Li"*"  the 
ion  source  is  used  in  the  sputter  version. 

Table  I 

List  of  ion  species  and  current  intensities  produced  so  far 
with  the  CHORDIS-source  in  CW  mode 


ion  type 

regime 

U,x[kV] 

I[mA] 

^He 

gas 

17.5 

2.5 

sputter 

17.5 

2.0 

^Be 

sputter 

30.0 

0.21 

40Ar 

gas 

17.5 

2.5 

30.0 

9.0 

48jj 

sputter 

30.0 

0.37 

53cr 

sputter 

30.0 

0.17 

56Fe 

sputter 

30.0 

0.46 

As  far  as  Li**"  is  concerned,  the  design  value  of  2  mA  was 
achieved  with  stable  operating  conditions.  Higher  currents 
were  reached  and  could  be  stably  produced  by  using  an 
additional  cooling  equipment  of  the  sputter  cathodes.  For  the 
Be‘*'-source  an  alloy  with  a  Beryllium  contents  of  only  2% 
was  used.  The  intensity  of  0.2  mA  is  satisfactory  for  all  tests. 
Higher  currents  can  then  be  achieved  with  cathodes  made  from 
pure  Beryllium.  Improvements  were  made  with  respect  to 
diagnostic  methods  for  source  operation  and  particle  beam 
optimization.  The  pulsed  mode  operation  has  been  established 
for  the  gas  version,  however,  some  improvements  are  still 
necessary  in  the  sputter  mode.  The  emittance  of  the 
CHORDIS  of  35  it  mm  mrad  has  been  measured  to  be  within 
specifications. 
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CHORDIS 

Ion 

Source 


SLIT 


RFQ-  7  -  Gap  Resonator  Charge  State 

Accelerator  Accelerator  Selector 


ECR  or  EBIS 
Ion  Source 


Figure.  1.  Schematic  layout  of  the  new  high  current  injector.  A,  M,  S,  Dou,  Tri:  magn.  dipoles  and  lenses,  Re:  rebuncher,  D: 
beam  diagnostic.  The  ion  source  for  highly  charged  ions  (ECR  or  EBIS)  and  the  charge  state  selector  are  planned  for  the  second 
construction  phase.  The  ion  source  will  then  be  located  one  floor  below. 


IIL  The  RFQ-Resonators 

The  second  section  of  the  high  current  injector  consists  of 
two  4-rod‘RFQ  resonators  [3]  operating  at  a  charge  to  mass 
ratio  Q/A  >  1/9  as  required  for  Be"*".  The  two  resonators 
operate  at  80  kW  rf  power  with  25%  duty  cycle.  Sufficient 
cooling  of  the  3  m  long  electrodes  is  as  important  as  the 
mechanical  stability,  because  more  than  35%  of  the  rf  power 
has  to  be  dissipated  at  the  electrodes.  However,  the  maximum 
diameter  of  the  rods  is  limited  by  the  capacity  between  the 
electrodes  to  preserve  a  high  shunt  impedance.  A  custom  made 
hollow  profile  from  a  copper-tin-alloy  combines  easy 
machining  in  the  local  workshops  and  high  mechanical 
stability  of  the  electrodes. 


Figure.  2,  Inter-electrode  voltage  distribution, 
line:  MAFIA-calculation 

3-D  calculations  with  MAFIA  [6]  and  measurements  have 
been  made  for  the  newly  designed  electrodes  with  a  shortened 
prototype  resonator  of  1  m  length.  Figure  2  shows  the 
measurements  and  the  calculations  of  the  flatness  of  the 
voltage  between  the  electrodes. 

Power  tests  were  done  with  the  RFQ-prototype  at  a  power 
level  of  15  kW  in  CW  mode.  This  is  more  than  a  factor  of  2 
higher  than  the  design  value  for  the  3  m  long  RFQ-resonators. 
The  resonator  was  operated  several  weeks  without  any 
problems  with  respect  to  mechanical  stability  or  sparking 
between  the  electrodes.  Moreover,  by  injecting  a  light  ion 
beam  of  suitable  velocity,  bunching  and  accelerating  tests  were 
performed  with  the  prototype  resonator,  detecting  the 
accelerated  hunches  with  a  fast  Faraday-cup  behind  the 
resonator.  Figure  3  shows  the  measured  time  structure  at  a  rf- 


power  level  of  10  kW. 


Figure.  3.  Cup  signal  of  H2’^-  bunches,  accelerated  in  the 
RFQ-prototype 

The  measured  peak  amplitudes  of  the  hunches  at  different 
electrode  voltages  of  the  RFQ-prototype  were  compared  with 
calculations  with  the  program  PARMTEQ  [7]  (Figure  4)  to 
estimate  the  shunt  impedance  of  the  structure.  The  shunt 
impedance  of  R^  =  115  kQm  was  found  in  good  agreement 
with  the  low-level  measurements. 


Figure.  4,  Measured  and  calculated  (line)  peak  currents  of  the 
accelerated  beam  in  the  RFQ-prototype.  Uq:  design 
electrode  voltage 

After  the  successful  tests  with  the  prototype  resonator,  the  3 
m  long  electrodes  for  the  first  RFQ-resonators  were  installed 
in  the  vacuum  tank  and  aligned  (Figure  5).  Low  level 
measurements  and  power  tests  are  in  preparation. 
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Figure.  5.  View  into  the  vacuum  chamber  of  the  first  RFQ- 
resonator 


IV.  The  Seven-Gap  Resonators 

With  increasing  ion  velocity,  RFQ  acceleration  becomes 
less  efficient  and  other  accelerating  structures  such  as  the 
seven-gap  resonator,  developed  at  the  MPI  fur  Kemphysik  [4] 
are  more  economical.  To  simplify  the  construction,  the 
resonators  are  designed  as  four  pairs  of  identical  resonators  for 
synchronous  velocities  of  ps  =3.7,  4.5,  5.1  and  5.7%.  Based 
on  measurements  for  the  high  velocity  prototype  of  a  seven- 
gap  resonator  [4],  an  effective  accelerating  voltage  of  1.4  MV 
is  expected  for  a  low  P-resonator,  which  operate  at  80  kW  rf 
power  with  25%  duty  cycle.  Scaled  down  models  for  the  four 
different  resonators  have  been  used  to  optimize  field 
distributions  and  shunt  impedances.  Based  on  these 
measurements,  all  eight  seven-gap  resonators  have  been 
fabricated  so  far  [5].  In  figure  6,  a  seven-gap  resonator  with  a 
flange  removed  is  shown.  Segments  on  both  sides  of  the  inner 
resonance  structure  allow  to  adjust  the  required  eigenfrequency 
to  108.48  MHz.  The  tuning  plate,  below  the  resonance 
structure,  is  clearly  visible.  The  rf  power  is  coupled  into  the 
resonator  near  one  of  the  three  legs  which  connect  the 
resonance  structure  to  the  tank. 

Table  II 


Measured  resonator  voltages  with  the  beam  test 


Ps 

Uo[MV] 

Ps 

Uo  [MV] 

m _ 

(N=80kW) 

m 

(N=80kW) 

3.71 

1.73 

5.1  I 

1.69 

3.7  II 

1.67 

5.1  II 

1.62 

4.51 

1.79 

5.7  1 

1.61 

4.5  II 

1.73 

5.7  II 

1.66 

All  7-gap  resonators  have  been  calibrated  with  a  particle 
beam  with  synchronous  velocity.  From  the  energy 
distributions  of  the  beam  behind  the  resonator,  the  accelerating 
voltages  could  be  derived  (Table  II)  and  were  found  in 
agreement  with  the  bead  perturbation  measurements.  [6] 

All  7-gap  resonators  are  finished  and  have  successfully 
undergone  high  power-rf  tests  up  to  100  kW  at  a  duty  cycle  of 
25%.  Neither  mechanical  vibrations  due  to  ponderomotive  [7] 
forces  nor  multipactoring  problems  have  been  observed. 


Figure.  6.  The  7-gap  power  resonator  (P=3.7%) 


V.  Outlook 

The  shielding  vault  of  the  MP-Tandem- Accelerator  was 
constructed  from  concrete  blocks  and  was  completely  rebuilt 
yielding  nearly  2  meters  of  additional  space  aside  the  MP  for 
the  new  injector,  thus  allow  us  to  assemble  the  new  rf- 
resonators  in  their  final  location  on  the  optical  axis  of  the 
present  postaccelerator.  The  first  beams  from  the  high  current 
injector  in  its  first  phase  are  expected  to  be  available  in  early 
1996. 
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THE  NEW  CONCEPTS  IN  DESIGNING  THE  CW  HIGH-CURRENT  LINACS 
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The  concepts  in  designing  of  the  two  types  of  high- 
current  proton  (deuteron)  linacs  having  the  electronuclear 
purpose  with  the  output  energy  about  1  GeV  and  currents 
200-300  mA  (the  first  type)  and  10  mA  (the  second  type) 
are  developed.  The  major  problems  arising  in  both  cases  is 
ensuring  high  reliability  and  efficiency  of  linacs.  For  the  first 
type  the  high  reliability  is  mainly  connected  with  solving  of 
the  problem  of  minimizing  the  particles  losses  down  to  the 
level  of  10'^  and  of  building  the  reliable  superhigh-power 
RF  power  supply  system.  For  the  second  type  the  problem 
of  increasing  the  efficiency  is  of  major  importance.  In  the 
report  the  ways  to  solving  of  these  problems  by  means  of 
using  the  superconducting  solenoidal  focusing  together  with 
the  optimized  RF  power  supply  systems  (for  the  first  linac 
type)  and  the  superconducting  accelerating  cavities  (for  the 
second  type)  are  shown. 

I.  INTRODUCTION 

Design  concepts  of  linear  accelerators  with  the  1  GeV 
energy,  250  mA  and  10  mA  currents  are  considered. 

In  the  first  case  (250  mA  current)  the  general  problems 
are  provision  of  high  reliability  and  efficiency,  as  well  as 
radiation  purity.  In  the  present  state  of  the  technique 
reliability  and  efficiency  are  dictated  by  solving  the  problems 
of  superhigh  RF  power  supply  system  design  and  essentially 
lossless  beam  (10"^ )  transport  along  the  length  of  accelerator 
[1].  The  solving  of  these  problems  provide  radiation  purity  as 
well  [2].  As  discussed  in  MRTI  papers  [1,3]  the  number  of  RF 
power  supply  channels  may  not  exceed  one  hundred  for  high 
reliability  provision.  This  limitation  demands  design  of  RF 
amplifiers  with  output  power  up  to  4... 5  MW.  For  this  purpose 
devices  named  "regotron”  have  been  designed  in  MRTI  [4,8]. 
With  efficiency  of  about  70%  the  problem  of  high  efficiency 
of  the  linac  possess  a  solution.  For  the  solving  of  the  problem 
of  lossless  beam  transport  the  focusing  along  main  linac  part 
based  on  superconducting  solenoids  was  proposed.  This 
version  is  considered  in  Part  2. 

In  the  second  case  (10  mA  current)  the  problem  of  high 
efficiency  is  brought  to  the  fore.  Estimations  carried  out  in 
MRTI  bring  out  that  linac  version  with  superconducting 
accelerating  cavities  is  preferable.  The  concept  of  such  linac  is 
considered  in  Part  3. 


11.  LINEAR  ACCELERATOR  WITH 
SUPERCONDUCTING  SOLENOIDS 

The  considered  concept  of  the  linac  with  250  mA 
current  is  the  further  outgrowth  of  the  MRTI  quests  [1-8] 
for  linac  for  transmutation  of  long-living  radioactive 
wastes  of  nuclear  reactors.  Novelty  of  this  concept  is 
associated  with  the  use  of  superconducting  solenoid 
focusing  in  the  main  accelerating  part.  It  provides  a 
possibility  to  reduce  beam  losses  to  the  level  of  10“^  . 

Beam  transport  along  the  length  of  accelerator  with 
minimal  losses  should  be  closely  studied.  The  most  limiting 
regions  are:  initial  part  of  acceleration  -  IPA  (up  to  3  MeV); 
matching  between  focusing  channels  with  different  types  and 
structures;  high  energy  part  of  accelerator  (HBL)  with  high 
number  of  focusing  elements  and  accelerating  structure. 

Single-channel  scheme  (HILBILAC-DTL-HBL)  is  used 
in  the  linac  as  before.  High  acceptance  of  HILBELAC  [5-7] 
and  high  current  limit  (700  mA  on  a  frequency  of  350  MHz) 
make  possible  to  form  beam  at  the  IPA  output  with  good 
transverse  characteristics. 

Use  of  focusing  by  superconducting  solenoids  at  DTL 
and  HBL  alleviates  the  other  problems:  a)single-type 
focusing  makes  possible  good  matching  between  different 
linac  part:(  HILBILAC-DTL  section  and  DTL-HBL 
section);  b)  changing  quadruple  lenses  to  solenoids 
decreases  channel  sensitivity  to  random  perturbations 
approximately  by  a  factor  of  10  (computer  simulation);  c)  use 
SSF  at  HBL  section  makes  possible  use  of  "long"  cavities 
(10-13  m  in  length)  based  on  D&W  structure  without 
subdivision  on  sections  .Abandonment  of  sectionalized 
HBL  cavities  structure  and  coupling  bridges  between 
sections  make  possible  essential  decrease  accelerating  field 
sensitivity  to  geometrical  errors  of  cavity.  Requirements  for 
evenness  of  "long"  cavity  excitation  thought  7  power  input 
from  regotron  reduce  as  well  [5]. 

Development  of  such  type  linac  indicates  that  DTL 
section  realization  is  not  improbable  but  there  are  a 
diversity  of  difficulties.  The  main  problems  are  associated 
with  high  inductive  coupling  between  solenoids,  with  strong 
ponderomotive  forces  and  with  scattering  fields.  Calculated 
characteristics  of  the  linac  are  listed  below: 
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Parameter 

HILBILAC 

DTL 

HBL 

Injection  energy,  MeV 

0.15 

3 

100 

Output  energy,  MeV 

3 

100 

1000 

Frequency,  MHz 

350 

350 

1050 

Length,  m 

9 

100 

900 

Beam  current,  mA 

250 

250 

250 

Cavity  type 

opposed 

vibrator 

DTL 

D&W 

Number  of  cavities 

Power  transferred 

2 

7* 

(32**) 

65* 

to  beam,  MW 

0.7 

24 

255 

Focusing  type 

SSF 

SSF 

SSF 

Synchronous  phase,  grad 
Channel  acceptance, 

90-40 

30 

30 

7ccm*-mrad 

Aperture  diameter 

2.5 

3 

7.5 

(Ra),mm 

10 

10-20 

20 

Rb/Ra 

0.5 

0.5 

0.5 

*  regotron  excitation,  **  klystron  excitation 

III.  CW  SUPERCONDUCTING  PROTON 
LINEAR  ACCELERATOR 


Superconducting  linear  accelerator  (SLA)  of  protons 
offers  a  number  of  advantages  over  "warm”  accelerator.  SLA 
makes  possible  to  provide  CW  mode  of  operation  with  the 
currents  up  to  tens  mamps,  reduce  accelerator  length  at  a 
sacrifice  in  accelerating  rate,  decrease  RF  power 
consumption  and  increase  total  efficiency  of  accelerator. 

The  following  idea  is  the  base  of  accelerator  design. 
RFQ  accelerator  is  used  in  IPA.  The  first  accelerator  part  with 
output  energy  of  50  MeV  is  based  on  moderately  short 
four-gap  superconducting  cavities  with  drift  tubes  exited  on  E 
QjQ  -wave.  The  need  for  placement  permanent  magnet  lenses 
between  cavities  demand  cavities  division  into  short  parts.  At 
the  second  accelerator  part  (HBL)  elliptical-shape  cavities 
with  niobium  plating  are  used.  The  number  of  cells  in  the 
cavity  changes  from  5  to  9  along  the  accelerator.  Operational 
frequency  was  chosen  moderately  high  for  overall  dimensions 
reduction.  Odd  ratio  of  first  and  second  accelerator  parts 
frequencies  makes  possible,  when  the  occasion  requires, 
simultaneous  acceleration  of  H'*'  and  H’  ions.  General 


Prameter 

Initial  part 

First  part 

Second  part 

Accelerating 

structure 

RFQ 

short 

cavities  with 
drift  tubes 

9-cells 

cavities 

Input  energy, 
MeV 

0.06 

3 

50* 

Output  energy, 
MeV 

3 

50* 

1000 

Frequency, 

MHz 

425 

425 

1275 

Focusing  type 

FODO 

(PMO) 

FODO 

(PMO) 

Focusing 
period,  m 

0.007- 

0.056 

0.3-1. 0 

1.0-3.0 

Aperture 
diameter,  mm 

5-6 

15-20 

30-40 

Inter-electrode 
voltage,  kV 

90 

Magnetic  field 
gradient, 
kG/cm 

7-8 

1-2 

Acceleration 
rate,  MeV/m 

1 

2-5 

5 

Accelerator 
length,  m 

3.5 

20 

380 

Power  for 
beam 

acceleration, 

kW 

30 

470 

9500 

Overall  losses, 
removed  by 
helium,W 

50 

500 

4100 

Number  of 
cavities 

1 

29 

304 

Beam 

emittance, 

cm*mrad 

0.1 

0.1 

*-the  possibility  of  energy  increase  up  to  100  MeV 
if  under  consideration. 


Design  of  RF  power  supply  system  of  SLA  is  connected 
with  the  decision  of  a  number  of  specific  problems. 

With  the  accelerating  rate  of  about  5  MeV/m  beam  will 
take  off  power  about  50  kW.  At  the  same  time  RF  power 
losses  in  the  cavity  is  several  watts.  The  following 
requirements  are  imposed  on  Rf  supply  channels:  provision  of 
high  stability  of  RF  field  in  the  cavities  under  significant 
changing  of  load  impedance  and  output  power  of  generator; 
possibility  of  continuous  adjustment  of  field  amplitude  in  the 
cavities  under  aging  and  beam  load  changing;  stable,  without 
unwanted  oscillations,  operation  under  high-Q  multi-mode 
load;  fast  switching-off  of  cavities  excitation  when  beam  is 
lost. 

The  ways  of  these  requirements  realization  may  be 
determine  from  estimated  calculation  of  two  limiting 
operational  mode  of  "generator-feeder-cavity"  assembly:  a) 
under  acceleration  of  the  beam  with  10  mA  nominal 
current;  b)  in  the  absence  of  acceleration. 

It  is  presumed  that  for  decoupling  of  generator  from 
cavity  circulator  with  forward  a^  and  back  attenuation  is 
inserted  into  feeder.  Feeder  attenuation  is 
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On  retention  of  nominal  amplitude  of  accelerating  field 
in  cavity  for  both  cases,  output  power  of  RF  generator  is 
estimated  at: 

Pgi  =  Pb  ■  10““**'"”  tor  /,  =  10  mA  , 
P,,=0.25P,  for;,=0 

Standing  wave  factor  K  g^in  feeder  at  the  generator 
output  as  a  function  of  back  attenuation  in  circulator  (for  a 
feed  =  shown  below: 


ah.db 

10 

15 

20 

_ 

1.76 

1.37 

1.19 

By  this  means  generator  has  to  permit  power  varying 
from  nominal  value  (with  allowance  made  for  direct  losses  in 
feeder  and  circulator  it  is  estimated  at  60  kW)  to  15  kW.  With 
zero  current  maximal  voltage  in  feeder  at  the  section 
between  cavity  and  circulator  is  the  same  as  for  10  mA 
and  voltage  in  feeder  at  the  section  between  circulator  and 
generator  is  smaller  by  a  factor  of  2.  In  the  case  of  klystron 
use  a^j  should  be  greater  or  equal  15  db.  For  decreasing  the 
number  of  RF  supply  channels  the  scheme  with  excitation  of 
2  or  4  cavities  from  one  powerful  generator  is  considered 
as  possible  one. 

For  discussed  accelerator  the  total  power  of  losses  by 
helium  (cavities  and  power  inputs)  is  estimated  at  4000  W. 
According  to  radiation  purity  criteria  [2]  for  400  m  length 
accelerator  the  additional  beam  losses  power  is  400  W.  It  is 
10%  of  4000  W.  It  is  reasonable  to  set  that  heat  flow  from 
environment  to  criostat  is  10%  of  heat  release  in  cavities  and 
power  inputs.  As  this  take  place,  total  heat  power 
abstraction  is  about  4800  W.  The  design  of  crio-unit 
consisting  of  several  cavities  placed  in  criostat  was  chosen  in 
accordance  with  these  requirements. 

VI.  ACKNOWLEDGMENTS 

Authors  express  their  gratitude  to  LANL  (specifically 
to  Dr.R.A.Jameson)  for  support  of  the  work  and  fruitful 
discussions. 

V.  REFERENCES 

[1]  G.Batskikh  et  al.  Linear  Accelerator  for  Burner- 
Reactor.  1990  Linear  Accelerator  Conference,  Albuquerque, 
New  Mexico,  p.581. 

[2]  A.P.Fedotov,  B.P.Murin,  Towards  a  Radiation-Free 
Linac  of  Meson  or  Neutron  Generator  Type.  Proceedings  of 
the  1976  Proton  Linear  Accelerator  Conference,  Chalk-River, 
Canada,  1976. 

[3]  V.G.Andreev  et  al.  Basic  Principles  of  Burner- 
Reactor  Linac  Design.  Specialist  Meeting  on  Accelerator- 
Driven  Transmutation  Technology  for  Radwaste  and  Other 
Applications,  24-28  June,  1991,  Stockholm,  Sweden,  LA- 
12205-C,  SKN  Report  No.54. 


[4]  B.P.Murin  et  al.  Superhigh-Power  RF  Regotron- 
Type  Generator  For  Linear  Accelerator  with  High  Mean 
Current,  Ibid. 

[5]  G.LBatskikh  et  al.  Development  of  Advanced 
Technological  System  for  Accelerator-Driven  Transmutation 
Technologies  and  Applications,  July  25-29, 1994,  Las  Vegas, 
Nevada,  USA. 

[6]  B.P.Murin,  V.M.Pirozhenko,  O.V.Plink.  High- 
Current  Low-Energy  RF  Ion  Accelerator.  Proceedings  of  the 
1990  Linear  Accelerator  Conference,  Albuquerque,  New 
Mexico,  p.707. 

[7]  B.P.Murin.  The  Prospects  For  High-Power  Ion 
Linear  Accelerator  Construction  For  Energy  Function. 
Preprint  9210,  Moscow  Radiotechnical  Institute,  1992. 

[8]  Design  of  High-Current,  High-Energy  Linac  with 
Focusing  by  Superconducting  Solenoids  (Conceptual 
Design),  Contract  9138K0014-9G  between  LANL  and  MRTI, 
The  First  Report,  Moscow  1994. 


1136 


A  VERSATILE,  HIGH-POWER  PROTON  LINAC  FOR  ACCELERATOR  DRIVEN 

TRANSMUTATION  TECHNOLOGIES* 

J.  H.  Billen,  S.  Nath,  J.  E.  Stovall,  H.  Takeda,  R.  L.  Wood,  and  L.  M.  Young 
Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545  USA 


We  are  applying  the  new  coupled-cavity  drift-tube  linac 
(CCDTL)  to  a  conceptual  design  of  a  high-current,  CW 
accelerator  for  transmutation  applications.  A  350-MHz  RFQ 
followed  by  TOO-MHz  structures  accelerates  a  100-mA  proton 
beam  to  1  GeV.  Several  advantages  stem  from  four  key 
features:  1)  a  uniform  focusing  lattice  from  the  start  of  the 
CCDTL  at  about  7  MeV  to  the  end  of  the  linac,  2)  external 
location  and  separate  mechanical  support  of  the 
electromagnetic  quadrupole  magnets,  3)  very  flexible 
modular  physics  design  and  mechanical  implementation,  and 
4)  compact,  high-frequency  structures.  These  features  help  to 
reduce  beam  loss  and,  hence,  also  reduce  potential 
radioactivation  of  the  structure.  They  result  in  easy 
alignment,  fast  serviceability,  and  high  beam  availability. 
Beam  funneling,  if  necessary,  is  possible  at  any  energy  after 
the  RFQ. 

Table  1.  Design  Summary 


RFQ  Parameters 


Frequency 

350  MHz 

Injection/Final  Energy 

0.075/6.8  MeV 

Output  Current 

100  mA 

Peak  Surface  Electric  Field 

<1.8  Kilpatrick 

Total  Length 

8.1  m 

Total  RF  Power 

1.82  MW 

CCDTL  and  CCL  Parameters 

Frequency 

700  MHz 

Injection/Final  Energy 

6.8/1000  MeV 

Average  Structure  Gradient 

1.5  MV/m 

Energy  Gain  (real  estate  average) 

l.OMeV/m 

Quadrupole  Focusing  Lattice 

FODO 

Transverse  Focusing  Period 

8pX. 

Total  Length 

1km 

Radial  Aperture 

0.6  to  2.5  cm 

Peak  Surface  Electric  Field 

<1.5  Kilpatrick 

Shunt  Impedance  (real  estate  average) 

25MO/m 

Structure  Power 

40  MW 

Beam  Power  (unfunneled/funneled) 

100/200  MW 

Number  of  RF  Modules 

27 

Klystrons/Module  (unfunneled/funneled) 

7/10 

The  RFQ/CCDTL/CCL  Design 


Our  design  uses  room-temperature  copper  accelerating 
structures.  The  accelerator  consists  of  a  350-MHz,  7-MeV 
radio-frequency  quadrupole  (RFQ)^  followed  by  a  700-MHz 
CCDTL^  and  coupled-cavity  linac  (CCL).  We  do  not  discuss 
details  of  the  RFQ  design  in  this  paper.  For  information  about 

’^Vork  supported  by  the  US  Department  of  Energy. 


the  RFQ  see  Ref.  1  and  a  paper^  on  the  low-power  modeling 
of  the  structure.  We  have  not  yet  completed  the  design 
process,  but  we  have  done  enough  calculations  and  low-power 
model  measurements  of  the  rf  cavities  to  demonstrate  their 
feasibility.  Table  1  lists  many  of  the  design  parameters.  The 
design  has  several  mechanical,  rf,  and  beam-dynamics 
advantages  and  includes  the  following  features: 

•  No  transitions  in  the  transverse  focusing  lattice  after  the 
RFQ,  with  a  constant  period  of  8p?i  at  700  MHz, 

•  Quadrupole  magnets  mounted  and  aligned  independently 
from  the  rf  structures, 

•  Furnace-brazed  rf  modules  that  eliminate  almost  all 
mechanical  rf  and  vacuum  joints  typically  found  in  DTLs, 

•  RF  modules  of  up  to  300  cavities  driven  by  multiple, 
redundant  klystrons  for  high  reliability  and  beam 
availability, 

•  High  ratio  of  active  structure  length  to  total  length, 

•  No  separate  matching  section  between  RFQ  and  CCDTL, 

•  No  bridge  couplers,  unless  diagnostics  need  more  room, 

•  No  beam-line  flanges  in  the  magnet  spaces  except  at  the 
ends  of  rf  modules, 

•  Four  cavity  types  (RFQ,  two-drift-tube  CCDTL,  one-drift- 
tube  CCDTL  and  CCL), 

•  Two  coupling-cavity  orientations  in  the  CCDTL  and  CCL. 

RF  Structure  and  Focusing  Lattice 

Figure  1  shows  a  short  section  of  the  lowest-energy 
CCDTL  structure  that  starts  at  7  MeV.  A  transverse  focusing 
period  consists  of  pairs  of  individual  two-drift-tube  CCDTL 
accelerating  cavities  separated  by  a  drift  space  of  length 
3PAy2  between  cavities.  Electromagnetic  quadrupole  (EMQ) 
singlets  and  diagnostic  elements  occupy  this  drift  space.  The 
magnets  are  as  far  downstream  as  possible  in  the  3pXy2  space 
to  maximize  room  for  diagnostic  elements,  isolation  valves, 
or  other  items.  The  overall  length  of  a  two-drift-tube  CCDTL 
accelerating  cavity  is  5pA/2.  A  focusing  period  includes  two 
cavities  and  two  3pX/2  drift  spaces.  Thus,  a  FODO  lattice  has 
a  period  of  8p^  at  700  MHz. 

Shunt  impedance  considerations  dictate  the  energy  for 
changing  the  rf  structure.  At  about  16  MeV,  we  change  to 
pairs  of  one-drift-tube  CCDTL  cavities  as  shown  in  Fig.  2.  In 
this  section,  the  drift  space  between  pairs  of  cavities  is  in 
length.  The  focusing  period  length  is  also  8pX,  (at  700  MHz) 
and  the  lattice  remains  FODO.  At  about  100  MeV,  the  two 
CCDTL  cavities  are  replaced  with  groups  of  seven  CCL 
cavities  with  a  drift  space  of  length  pA/2  as  shown  in  Fig.  3. 
Most  of  these  drift  spaces  contain  only  a  quadrupole  magnet. 
Some  spaces  will  also  include  diagnostic  elements  requiring 
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Figure  1.  The  low-energy  section  of  the  accelerator  consists  of 
two-drift-tube  CCDTL  cavities  of  length  5pX/2  spaced  3pX/2 
apart.  Sideways-mounted  coupling  cavities  maintain  the 
proper  phase  between  cavities. 


Figure  2.  The  intermediate-energy  section  of  the  accelerator 
consists  of  pairs  of  one-drift-tube  CCDTL  cavities,  each  of 
length  3pX/2.  The  space  between  pairs  of  cavities  is  P^. 


Figure  3.  The  high-energy  section  consists  of  seven  CCL 
cavities,  each  of  length  ^TJl,  The  space  between  groups  of 
cavities  is  pX/2. 


more  room  than  available  in  length  pAy2,  especially  in  the 
low-energy  part  of  the  CCL.  Omitting  one  CCL  cell  doubles 
the  available  space,  if  needed.  The  lattice  period  of  8p^ 
continues  all  the  way  to  1  GeV. 

Bore  Radius  and  Focusing  Magnets 

The  bore  radius  increases  gradually  between  7  and  100 
MeV.  Beam  dynamics  simulations  show  that  an  initial 
CCDTL  bore  radius  of  0.6  cm  is  sufficient  to  capture  the  RFQ 
output  beam.  The  RFQ  beam  edge  is  very  sharp,  essentially 


free  of  any  halo.  The  pole-tip  inner  radius  of  the  quadrupole 
magnets  at  7  MeV  is  0.8  cm.  The  magnets  fit  over  the  copper 
bore  tube,  which  is  part  of  the  brazed  structure.  The  pole-tip 
fields  are  below  12  kG.  Magnets  with  Gl  >  3  T  fill  only  half 
the  3pX/2  space  between  cavities  at  7  MeV.  As  the  beam 
gains  energy,  two  effects  ease  fitting  magnets  into  the 
available  space:  the  space  gets  longer  as  P,  and  the  required 
Gl  product  decreases  as  1/p.  By  using  longer  magnets,  we  can 
allow  the  bore  radius  to  increase.  A  large  radius  is  desirable 
from  the  point  of  view  of  reducing  potential  radioactivation  of 
the  structure,  but  it  also  spoils  the  shunt  impedance.  This  is 
especially  true  at  low  P  where  drift  tubes  shield  the  beam 
from  decelerating  fields.  Too  large  a  bore  in  this  part  of  the 
linac  can  dramatically  reduce  the  transit-time  factor.  Thus, 
every  few  MeV  we  step  the  radius  by  0.25  cm,  eventually 
reaching  the  maximum  radius  of  2.5  cm  at  about  100  MeV. 
The  bore  radius  remains  at  2.5  cm  to  the  end  of  the  linac. 

At  each  step  in  bore  radius,  the  structure  efficiency 
decreases,  but  then  it  recovers  as  the  cell  lengths  increase  in  a 
section  of  fixed  bore  radius.  Each  EMQ  design  spans  a  pair  of 
adjacent  sections  with  different  bore  radii.  For  example,  we 
use  a  common  magnet  with  inner  radius  1.75  cm  in  the 
sections  with  1 .25-cm  and  1.50-cm  radial  aperture. 

Beam-Dynamics  Simulations 

We  are  evaluating  the  beam-dynamics  performance  of 
the  new  design  using  a  modified  PARMILA  code'*  that 
generates  cell  geometries  for  graded-P  DTL,  CCDTL,  and 
CCL  structures.  Figure  4  shows  beam  profile  plots  in  the 
CCDTL  from  7  to  20  MeV.  This  simulation  used  1000 
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Figure  4.  Beam-profile  plots  from  a  simulation  of  1000 
particles  through  the  first  20  MeV  of  the  CCDTL.  From  top 
to  bottom  the  plots  show  the  X,  Y,  Z,  and  energy  profiles. 
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macro-particles.  The  input  beam  had  the  Twiss  parameters 
and  emittance  values  of  the  RFQ  output  beam.  There  is  no 
separate  matching  section  between  the  RFQ  and  CCDTL. 
Instead,  we  use  the  first  three  cavities  of  the  CCDTL  and  the 
first  few  quadrupole  magnets  to  match  the  beam  to  the  new 
structure.  Both  the  phase  and  the  accelerating  field  vary 
gradually  as  the  beam  energy  increases  from  6.8  to  12  MeV. 
The  synchronous  phase  ramps  from  -60°  to  -30°,  and  the 
average  accelerating  gradient  ramps  from  0.62  MV/m  to  1.5 
MV/m.  Results  show  that  within  statistical  error,  there  is  no 
growth  in  either  transverse  or  longitudinal  emittance. 

Redundant  Klystrons,  RF  Module  Lengths,  and 
Funneling  Options 

The  rf  modules  each  contain  up  to  300  total  cavities, 
including  the  coupling  cells.  With  300  or  fewer  cavities  and  5 
to  6%  coupling  between  cavities,  the  mode  density  near  the 
7c/2  operating  mode  remains  low  enough  for  easy  tuning  of 
the  structures.  A  module  is  driven  by  multiple  klystrons  such 
that  the  machine  can  operate  at  the  design  field  level  with  one 
fewer  than  the  full  compliment  of  klystrons.  Conservatively 
estimating  the  “real-estate”  effective  shunt  impedance  at  25 
MQ/m,  the  structure  power  is  40  kW/m.  For  an  average 
energy  gain  of  1.0  MeV/m,  the  total  power  is  140  kW/m  for  a 
100-mA  unfunneled  system.  A  typical  module  uses  seven  1- 
MW  klystrons  driving  about  37  m  of  structure.  The  first  few 
rf  modules  use  fewer  klystrons  because  a  seven-klystron  unit 
would  contain  more  than  300  cavities.  In  the  unfunneled 
system,  some  rf  irises  are  blanked  off.  A  200-mA  funneled 
system  has  ten  1-MW  klystrons  driving  the  same  37-m-long 
structure.  When  a  klystron  fails,  a  waveguide  switch  at  the 
appropriate  distance  from  the  now  unused  drive  iris  prevents 
loss  of  rf  power  from  the  accelerator  into  the  unused  drive 
line.  The  machine  can  continue  to  operate  while  the  klystron 
is  repaired  or  replaced.  We  have  experimentally  verified  the 
waveguide-switch  technique  in  a  low-power  cavity.  We  are 
also  planning  for  a  high-power  test. 

The  modular  design  gives  flexibility  in  the  choice  of 
energy  for  funneling,  if  needed.  A  single  rf  module  contains 
several  brazed  sections  joined  by  flanges.  The  size  of  the 
brazing  furnace  limits  sections  to  about  2  m  in  length.  An 
opportunity  to  break  the  system  for  a  funnel  exists  at  each 
flanged  section,  or  roughly  every  1  to  2  MeV.  Since  the  field 
gradient  ramps  at  the  low-energy  end  of  the  linac,  2  meters 
corresponds  to  less  than  2.0  MeV  at  first.  The  optimum 
energy  for  funneling  appears  to  be  near  20  MeV.  Each  leg  of 
CCDTL  between  7  and  20  MeV  would  require  only  three 
klystrons,  including  redundancy. 

Space  for  Diagnostics 

We  provide  space  for  diagnostics  in  two  ways.  First,  the 
magnets  are  as  far  downstream  as  possible  in  the  space 
between  accelerating  cavities.  In  some  parts  of  the  linac,  this 
by  itself  provides  enough  space  for  diagnostic  elements. 
Second,  we  can  provide  additional  space,  if  necessary,  by 


eliminating  a  cavity  at  the  end  of  a  module.  The  missing 
cavity  has  no  effect  on  the  transverse  focusing  lattice.  To 
mitigate  the  effect  on  the  longitudinal  dynamics,  we  adjust 
the  coupling  between  cells  before  and  after  the  missing  cavity 
for  a  higher  end-cell  fields  to  maintain  a  constant  average 
field  gradient.  These  adjustments  eliminate  discontinuities  in 
the  average  “real-estate”  longitudinal  focusing  strength. 

Coupling-Cavity  Orientation 

The  accelerator  has  two  coupling-cavity  orientations 
because  some  sections  use  half-integral  lengths  of  between 
cavities  instead  of  the  more  traditional  npX-  spacing,  where  n 
is  an  integer.  Figures  1  through  3  show  both  schemes.  This 
flexibility  offers  two  important  advantages.  First,  it  allows 
changes  in  the  rf  cavity  type  (needed  for  efficiency)  without 
changing  the  focusing  period.  Second,  it  allows  a  large  ratio 
of  active  to  total  accelerator  length.  We  are  testing  a  sideways 
mounted  coupling  cavity  on  a  half-scale,  1400-MHz  GCDTL 
low-power  model. 

Conclusion 

We  have  outlined  a  new  design  for  a  high-current  CW 
proton  linac  that  has  significant  mechanical,  rf,  and  beam- 
dynamics  advantages  over  more  conventional  designs.  The 
new  design  has  no  transitions  in  the  focusing  lattice  after  the 
7-MeV  RFQ.  Magnets  are  not  susceptible  to  drift-tube 
vibrations  because  they  mount  outside  the  rf  structure  where 
they  remain  accessible  and  serviceable.  Furnace-brazed 
accelerator  modules  eliminate  the  rf  and  vacuum  joints 
needed  in  a  DTL  providing  higher  reliability  for  a  CW 
machine.  Multiple-klystron  rf  modules  increase  reliability 
and  availability.  Work  continues  to  refine  the  design. 
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Conventional  designs  for  proton  linacs  use  a  radio¬ 
frequency  quadrupole  (RFQ),  followed  by  a  drift-tube  linac 
(DTL).  For  higher  final  beam  energies,  a  coupled  cavity  linac 
(CCL)  follows  the  DTL,  A  new  structure,  the  coupled-cavity 
drift-tube  linac^  (CCDTL)  combines  features  of  an  Alvarez 
DTL  and  the  CCL.  Operating  in  a  7C/2  structure  mode,  the 
CCDTL  replaces  the  DTL  and  part  of  the  CCL  for  particle 
velocities  in  the  range  0.1  <  [3  <  0,5.  We  present  a  design 
concept  for  a  compact  linac  using  only  an  RFQ  and  a 
CCDTL.  This  machine  delivers  a  few  mA  of  average  beam 
current  at  a  nominal  energy  of  70  MeV  and  is  well  suited  for 
radioisotope  production. 

Accelerator  System  Design 

A  compact  linear  accelerator  is  a  competitive  source  of 
beam  power  for  the  commercial  production  of  radioisotopes. 
The  linac  we  describe  provides  a  beam  of  up  to  2  mA  of 
protons  at  energies  of  30,  50,  and  70  MeV.  Linear  accelerator 
designers  try  to  minimize  construction  costs  by  optimizing 
the  relative  costs  of  the  accelerating  structure  and  the 
installed  rf  power.  To  first  order,  structure  cost  is  proportional 
to  length  and  the  rf  cost  is  proportional  to  the  square  of  the 
accelerating  gradient  Eq.  For  a  given  structure  power, 


to  the  rf  structure.  The  designer  can  choose  from  a  broader 
range  of  rf  power  sources.  We  have  based  our  design  on 
klystron  tubes  operating  at  433  and  1300  MHz.  Both  of  these 
tubes  are  available  in  models  that  deliver  very  high  peak  and 
average  powers.  Only  one  tube  at  each  frequency  is  required, 
so  cost  minimization  involves  making  the  best  use  of  the 
tubes’  power  capabilities  in  the  linac  design. 

Figure  1  shows  a  layout  of  the  accelerating  structures. 
The  433-MHz  RFQ  accelerates  the  beam  to  10  MeV.  The 
1300  MHz  CCDTL  comprises  the  bulk  of  the  linac  and 
accelerates  the  beam  to  a  final  energy  of  70  MeV.  The  1300- 
MHz  frequency  is  the  third  harmonic  of  the  RFQ  frequency. 
Each  structure  is  powered  by  a  single  klystron  rf  source. 

CCDTL 

The  length  of  the  CCDTL,  which  depends  upon  the 
choice  for  Eq,  is  limited  by  1)  the  total  amount  of  peak  power 
available,  2)  the  average  beam  power  required,  3)  the  peak 
surface  electric  field,  and  4)  the  maximum  local  power 
density  on  the  drift  tubes.  Figure  2  shows  the  two  types  of 
cavities  used  in  the  CCDTL.  At  the  low-energy  end,  cavities 
have  two  drift  tubes  making  three  accelerating  gaps.  Gaps 
within  a  cavity  are  separated  by  pX,  where  P  is  the  relativistic 
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Figure  1.  Schematic  diagram  of  the  radioisotope  production  accelerator. 


accelerator  length  is  inversely  proportional  to  Eq.  The  rf  costs 
are  further  constrained  because  rf  power  is  available  in 
quantized  units  of  single  klystron  tubes.  Usually,  the 
minimum  total  cost  occurs  where  the  power  cost  equals  the 
structure  cost. 


A  CCDTL  can  operate  at  higher  frequencies  than  a 
conventional  DTL  because  the  focusing  magnets  are  external 


Figure  2.  CCDTL  structures  with  two  drift  tubes  per  cavity  on 
the  left  and  one  drift  tube  per  cavity  on  the  right. 
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proton  velocity,  and  X  is  the  free-space  wavelength  of  the 
resonant  mode.  Successive  gaps  between  cavities  are 
separated  by  pX/2.  The  other  cavity  type  has  one  drift  tube  per 
cell.  Figure  3  shows  the  effective  shunt  impedance  ZT^ 
calculated  by  the  2-D  code  SUPERFISH^  versus  p.  Based 
upon  this  data,  we  switch  from  two-drift-tube  cavities  to  one- 
drift- tube  cavities  at  P  =  0.28,  which  corresponds  to  40  MeV. 

To  estimate  the  linac  length  and  power  requirements,  we 
correct  these  values  of  ZT^  for  the  effect  of  the  coupling  slots. 
Each  percent  of  coupling  reduces  ZT^  by  about  3%.  Figure  4 
relates  the  active  structure  length  to  the  peak  rf  power 
required  to  excite  the  cavities.  Points  for  a  given  length 
correspond  to  the  same  value  of  Eq.  The  lower  curve  is  the 
structure  power  requirement  without  beam.  The  two  upper 
curves  include  the  power  needed  to  accelerate  42-mA  or  84- 
mA  peak  beam  currents.  For  a  beam  duty  factor  of  2.4%,  the 
corresponding  average  beam  currents  are  1  mA  and  2  mA. 
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Figure  3.  SUPERFISH  shunt  impedance  versus  particle 
velocity  P  for  two  types  of  1300-MHz  CCTDL  cavities. 


Active  Structure  Length  (m) 

Figure  4.  Peak  power  versus  active  structure  length  for  nine 
values  of  Eo  between  2  and  10  MV/m, 


Beta 

Fig.  5.  Peak  surface  electric  field  expressed  in  terms  of  the 
Kilpatrick  criterion  versus  P  for  CCDTL  cells  operating  at 
Eo  =  5MV/m. 

The  total  power  figures  for  these  curves  include  a  15% 
control  margin.  A  10  MW  klystron  would  support  a  family  of 
interesting  linac  designs.  For  example,  a  12-m-long  linac 
operating  at  7  MV/m  could  deliver  1  mA  at  full  energy. 
Another  one  operating  at  4  MV/m  would  be  21  m  long  and 
could  deliver  2  mA.  Longer  linacs  can  provide  even  higher 
beam  currents. 


For  higher  values  of  Eo,  we  approach  other  limits.  Figure 
5  shows  the  peak  surface  electric  field  in  the  CCDTL  versus  P 
for  Eo  =  5  MV/m.  The  ordinate  is  relative  to  the  Kilpatrick 
field  Ek,  which  is  32.1  MV/m  at  1300  MHz.  Kilpatrick  made 
his  measurements^  when  clean  surfaces  and  good  vacuum 
were  difficult  to  achieve.  Experience  has  shown  that  we  can 
exceed  the  Kilpatrick’s  criterion  by  an  amount  often  called 
the  “bravery  factor.”  We  typically  design  for  peak  fields  up  to 
1.8  Ek.  We  expect  little  or  no  sparking  below  this  value.  In  a 
2-drift-tube  CCDTL,  the  peak  field  increases  with  P,  reaching 
1.8  Ek  on  the  drift-tube  nose  at  P  =  0.25  (31  MeV). 


Beta 

Fig.  6.  Peak  surface  power  density  versus  P  for  CCDTL  cells 
operating  at  Eo  =  5  MV/m  and  100%  duty. 


Figure  6  shows  that  as  the  cells  get  longer  with 
increasing  P,  the  peak  power  dissipation  increases.  The 
hottest  spot  is  at  the  longitudinal  midpoint  of  the  drift  tubes. 
Power  densities  increase  in  proportion  to  Eo^.  The  plot  is  for 
100%  duty  factor  (i.e.  cw),  so  for  a  duty  factor  of  2.5%,  the 
maximum  power  density  is  about  12.5  W/cm^  on  the  longest 
drift  tube.  At  this  power  level  all  of  the  drift  tubes  are  simple 
to  build,  easily  cooled,  and  inexpensive. 


Table  1.  Linac  Design  Parameters. 


Linac  RFQ _ CCDTL _ 

_ Parameter _ 1 _ 2 _ 3 

Injection  energy  (MeV)  0.075  10  30  50 

Final  energy  (MeV) _ 10  30  50  70 

Length  (m) _ 6.7  9.1  7.1  7.0 

RF  frequency  (MHz) _ 433  1300  1300  1300 

No.  of  accelerating,  cavities  -  50  56  45 

No.  of  quadruples _ 25  14  11 

Transmission  (%) _ 85  100  100  100 

Accel.  Gradient  (MV/m)  2.75*  5* _ 5 _ 5 

Peak  Cu  Power  (MW)  2.4  1.43  1.44  1.5 

Peak  beam  power  (MW) _ 0.8  1.6  1.6  1.6 

*  Corresponds  to  the  exit  of  the  RFQ  and  the  entrance  of  the 
CCDTL;  the  field  ramps  up  to  5  MV/m  in  the  CCDTL. 


Based  upon  these  cavity  properties  we  have  chosen  to 
operate  the  CCDTL  at  Eo  =  5  MV/m.  Table  1  summarizes  the 
properties  of  the  70-MeV  linac.  It  is  23  m  long  and  contains 
151  accelerating  cavities.  Including  the  nominally  unexcited 
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coupling  cells,  the  accelerator  has  a  total  of  299  resonant 
cavities  in  the  three  tanks.  A  total  of  50  electromagnetic 
quadrupole  (EMQ)  lenses  provide  the  transverse  focusing. 
These  magnets  mount  outside  the  rf  cavities  and  the  vacuum 
system.  The  FODO  lattice  has  a  period  of  16  pX,  at  1300 
MHz.  The  EMQs  are  6  cm  long  and  they  can  achieve  a  field 
gradient  of  50  T/m.  With  no  adjustment  of  the  focusing 
strength,  they  provide  excellent  confinement  of  the  beam  for 
peak  currents  of  82  mA  over  a  wide  range  of  energies.  At  full 
energy  this  linac  can  deliver  2  mA  of  average  beam.  At 
reduced  energies,  even  higher  currents  are  available  without 
raising  the  peak  current  by  simply  increasing  the  pulse 
repetition  frequency.  This  scheme  takes  advantage  of  the  full 
average  power  available  from  the  klystron. 

Most  commercial  isotopes  are  presently  made  at  energies 
of  30,  50,  and  70  MeV.  The  three  separate  sections  of 
CCDTL  provide  a  simple  and  reliable  way  of  producing 
beams  at  these  energies  without  multiple  rf-power  tubes.  The 
same  tube  drives  each  tank  separately  through  power  splitters 
connected  to  a  common  waveguide  Three  independent  tanks 
have  fewer  cavities  per  rf  module  than  one  long  tank, 
resulting  in  no  appreciable  field  droop  or  power-flow  phase 
shift  within  the  rf  structures.  The  machine  produces  different 
beam  energies  by  selectively  turning  off  rf  power  to  the 
downstream  accelerating  tanks.  By  building  tuning  devices 
into  some  of  the  coupling  cells  we  can  achieve  even  finer 
energy  variability.'* 

RFQ 

The  RFQ  operates  at  the  third  subharmonic  of  the 
CCDTL.  There  are  two  conmiercial  klystrons  that  offer  high 
powers  at  433  MHz.  Table  2  shows  that  the  RFQ  peak-power 
requirements  match  the  specifications  of  the  TH2120  and  the 
TH2118.  The  average  power  and  pulse  length  are  best 
matched  by  the  TH21 18. 

The  RFQ  consists  of  four  coupled  resonant  sections,  each 
one  1.7  m  long.  The  rf  power  couples  into  the  high  energy 
section  through  a  waveguide  iris.  In  the  high-energy  part  of 
the  RFQ,  we  specially  tailor  the  vane-tip  modulation  to 
reduce  the  phase  width  of  the  exit  beam.  The  CCDTL  can 
directly  capture  this  RFQ  output  beam  and  does  not  require  a 
separate  matching  section.  The  first  four  cells  of  the  CCDTL 
do  little  acceleration.  Instead,  these  cells  mainly  bunch  the 
heam  to  ensure  capture  of  100%  of  the  beam  into  the  rf 
“bucket.”  Following  this  capture  section  is  a  quasi-adiabatic 
ramp  in  both  the  synchronous  phase  and  the  field  amplitude. 
The  first  few  quadrupole  lenses  in  the  CCDTL  match  the 
beam  from  the  RFQ  in  the  transverse  plane. 

RF  Power  and  Duty  Factor 

Table  2  shows  that  for  Eo  =  5  MV/m  the  CCDTL  is  well 
matched  to  the  TH2104U  klystron.  The  design  takes 
advantage  of  both  the  peak  and  average  power  available  from 
this  tube  without  exceeding  safe  limits  for  either  cavity  fields 
or  power  densities.  To  match  the  power  requirement  for  2- 


mA  operation  to  the  tube  we  have  assumed  only  a  9%  rf 
control  margin  at  full  energy.  We  believe  further  cavity 
optimization  will  reduce  the  power  requirements  enough  to 
allow  a  full  15%  control  margin  within  the  10  MW  available. 


Table  2.  RF  Systems  Parameters. 


Parameter 

RFQ 

TH 

2120 

TH 

2118 

CCDTL 

TH 

2140U 

Frequency  (MHz) 

433 

433 

433 

1300 

1300 

Total  rf  power  (MW) 

3.2 

— 

- 

9.17 

- 

Control  margin  (%) 

15 

— 

- 

9 

- 

Peak  power,  MW 

3.7 

4.0 

6.0 

10 

10 

RF  pulse  length*  (|Lis) 

208 

10^ 

220 

208 

250 

Duty  factor(%) 

2.5 

8 

3.3 

2.5 

2.5 

Average  rf  power  (kW) 

93 

500 

200 

240 

250 

Klystron  efficiency  (%) 

~ 

55 

58 

- 

45 

Total  ac  power  (kW) 

- 

185 

176 

593 

'assumes  8  psec  cavity  filling  time 


Both  sections  of  the  linac  run  with  a  pulse-repetition 
frequency  of  120  Hz  synchronized  with  the  line.  The  beam 
pulse  is  200  ps  long  for  a  beam  duty  factor  of  2.4%.  The 
cavity  filling  time  adds  another  8  ps.  This  scheme  takes 
advantage  of  the  entire  power  capacity  of  the  CCDTL 
klystron.  We  estimate  that  a  total  ac  power  of  800  kW  is 
needed  to  produce  140  kW  of  beam  power.  An  equal  amount 
of  cooling  capacity  would  be  required. 

Conclusion 

We  have  outlined  a  new  design  for  a  compact  proton 
linear  accelerator  suitable  for  radioisotope  production.  A 
single  433-MHz  klystron  rf  source  powers  the  RFQ,  and  a 
single  1300-MHz  klystron  powers  all  three  tanks  of  the 
CCDTL.  The  accelerator  can  provide  beam  currents  up  to  2 
mA  average  at  essentially  any  energy  between  20  and  70 
MeV. 
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Transmutation  of  nuclear  materials  can  be  carried  out  by 
thermal  neutron  capture  reactions,  by  spallation  type  reactions 
or  via  photonuclear  reactions  caused  by  high-energy  y-rsys 
generated  in  the  electron  linacs.  These  reactions  can  complete 
each  other.  At  the  present  work  two  different  schemes  of 
proton-electron  accelerators  utilizing  successive  or 
simultaneous  acceleration  of  protons  and  electrons  are 
proposed.  In  a  case  of  simultaneous  acceleration  both  the 
efficiency  of  acceleration  increases  and  the  power  loss  for  the 
beam  focusing  decreases.  The  experimental  results  on  the 
acceleration  and  focusing  of  the  mixed  electron-  proton 
beams  are  also  presented. 

The  problem  of  energy  guaranteeing  will  be  one  of  the 
most  actual  tasks  in  the  near  future.  In  parallel  with  the 
exhaustion  of  natural  resources  it  is  obvious  that  modem  fuel 
cycles  are  very  bad  for  the  Nature.  But  at  the  same  time  one 
predicts  that  rational  solution  of  the  both  ecological  and  fuel 
problems  is  practicable  in  general  via  utilizing  nuclear  energy 
[1].  However  it  is  impossibly  without  carrying  out  the 
following  tasks: 

-  generation  of  artificial  nuclear  fuel  since  the  resources 
of  natural  nuclear  fuel  are  not  sufficient; 

-  improving  the  safety  of  nuclear  plants  up  to  the  level 
eliminating  the  possibilities  of  Phenix  or  Chernobil  type 
accidents; 

-  utilizing  the  rational  methods  of  the  nuclear  wastes 
recovery  since  the  modem  methods  of  wastes  burying  in  the 
special  bunkers  or  in  rocks  are  not  reliable  and  can  lead  to  the 
accidents  under  active  geological  processes  or  by  acts  of 
diversion. 

The  nuclear  power-engineering  at  the  present  time  has  a 
grate  potential  for  partial  solution  of  above  mentioned 
problems.  This  is  the  transmutation  of  many  nuclides  in  the 
neutron  flux  of  the  reactor;  production  of  nuclear  fuel  in 
breeders;  the  adoption  of  the  nuclear  reactors  with  a  feedback 
loop  around  reactivity  and  so  on.  But  the  ideal  fuel  cycle  can 
not  be  maintained  in  reactor-type  nuclear  plants  only  in 
consequence  of  the  following  circumstances; 

-It  is  impossible  to  transmutate  Cs'^^  and  Sr^®  which 
define  the  residual  activity  of  the  nuclear  waste  in  general; 

-The  most  perspective  fuel  cycles  -  Pu^^^  and 
Th^^^  -  are  characterized  by  the  very  low  yield  of 
delayed  neutrons  and  it  is  impossible  to  supply  nuclear  safety 
of  these  cycles  by  standard  methods; 

-Stabilization  of  reactivity  is  maintained  by  replacing  of 
regulation  rods  and  something  can  possibly  seize. 

The  problem  of  the  "ideal"  fuel  cycle  can  be  solved  by 
using  the  external  neutron  source  and  by  going  to  the 
conception  of  the  subcritical  blanket  of  the  reactor.  Under 
Keff~0.9-i-  0.99  the  chain  reaction  does  not  take  place  but  the 


reactor  can  work  as  the  neutron  multiplier  with  a  amplification 
1/(1-K)  by  the  neutron  flux  and  by  the  energy,  where 

^  is  a  fraction  of  neutrons  which  share  in  a  fission,  is  the 
energy  released  by  one  act  of  the  fission,  W  jjg  is  the  cost  of  the 
neutron  in  the  units  of  the  energy. 

The  neutron  source  can  be  based  on  the  particle 
accelerator  with  a  heavy  metal  target.  The  specialists  of 
JAERI  estimated  that  the  1.5  GeV  25  mA  proton  beam  could 
incinerate  Np237,  Am^^l,  Am^^S,  Am 244  [2].  The  energy 
released  by  fission  promotes  to  use  higher  actinides  as  the  fuel 
in  subcritical  blanket.  The  long-lived  izotopes  Tc^®  and  1*29 
can  be  also  incinerated  into  stable  or  short  lived  izotopes.  But 
transmutation  of  Cs  ^  27  and  Sr^®  needs  much  higher  neutron 
fluxes  and  consequently  much  higher  beam  power.  For 
reaching  equal  rates  of  transmutation  and  decoy  one  need  the 
neutron  flux  of  c'  cm-2  for  Sr^o  and  by  an  order  of 

magnitude  smaller  for  Sc^^?  xhe  primary  activity  of  Csi27 
and  Sr99  gre  approximately  equal  but  Sr  is  37  times  more 
radiotoxic  and  the  final  radiotoxication  is  determined  by  Sr. 
On  the  other  hand  the  effective  way  of  Sr  and  Cs  incineration 
may  be  their  irradiation  within  the  giant  resonance  of  (741) 
reaction.  The  radiological  problems  of  the  task  is  discussed  in 
[3-5]  and  according  to  it  the  mean  beam  current  should  be 
about  several  A  at  the  100  MeV  energy.  Thus  the  system 
based  on  combined  electron-proton  beam  irradiation  makes 
available  to  incinerate  all  types  of  nuclear  wastes. 

The  possible  scheme  for  realization  of  this  idea  is  given 
in  fig.l  and  the  typical  parameters  of  the  accelerator  are 
presented  in  table. 


Fig.l  The  scheme  of  the  electron-ion  beam  accelerator  for 
trunsmutation. 

In  general  the  accelerating  system  consists  of  the  low- 
energy  section  (I)  in  which  the  separate  acceleration  of 
electron  in  the  accelerating  structure  1  and  protons  in  the 
structure  8  as  well  as  the  following  converging  two  beams  in 
one  mixed  beam  in  the  magnet  system  2  is  carrying  out;  the 
middle-energy  section  (II)  and  the  high-energy  section  (III). 
The  middle-energy  section  contains  the  series  of  the  proton 
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Accelerator 

section 

number 

Accelerating  structure 
type 

Frequency, 

MHz 

Section  output 
energy, 

MeV 

Energy  gain, 
MeV/m 

Focusing 

I 

_ RFQ 

153,7 

3h4 

1-^2 

« 

Iris  loaded  waveguide 

2766 

~15 

5-7 

Solenoid 

n 

Alvarez  structure 

461 

7(H«0 

-4 

Electron  beam  space 
charge 

Coupled  cavities 

2766 

3(H40 

1,54-2 

Solenoids  in  drift 
tubes 

m 

7C-mode  side  coupled 
cavities 

922 

-800 

-10 

Electron  beam  space 
charge 

Coupled  cavities 

2766 

150 

1,54-2 

Permanent  magnets  in 
drift  tubes 

accelerating  structures  4  with  the  characteristic  length  of  1  m, 
and  electron  accelerating  structures  between  them  with  the 
length  of  about  lO-^lS  cm.  The  RF  frequency  in  the  proton 
accelerating  structures  should  be  chosen  much  less  and 
devisable  with  the  respect  to  the  electron  accelerating  one  for 
reasons  of  the  particle  dynamic  [6].  If  one  chooses  the 
"electron"  frequency  equal  to  2766  MHz  the  "proton" 
frequency  is  18  times  larger  at  the  I  section,  6  times  larger  at 
the  II  section,  3  times  larger  at  the  III  one.  The  schemes  of  the 
section  II  and  III  are  similar  to  I  one.  The  basic  differences 
center  around  the  type  and  the  parameters  of  the  structures.  It 
is  appropriate  to  use  RFQ  at  the  I  section,  the  drift  tube 
structure  at  the  II  section  and  the  TT-mode  side  coupled  cavities 
structure  at  the  III  section  [7].  The  other  designation  in  fig.l 
are  the  following:  3-  "electron"  frequency  power  amplifiers;  6- 
proton  accelerating  structure  at  the  III  section;  7-  master 
oscillator  on  the  "electron"  frequency;  9-"proton"  frequency 
power  amplifiers;  10-  output  unit  of  the  mixed  beam  shaping; 
11 -target;  12-  master  oscillator  on  the  "proton"  frequency.  The 
coupling  of  7  and  12  units  represents  the  phasing  between 
"electron"  and  "proton"  RF  fields  in  the  presence  of  the 
concrete  frequency  instability. 

Proton  focusing  at  the  sections  II  and  III  is  provided  by 
space  charge  forces  of  the  electron  beam,  meanwhile  the 
electron  beam  is  focused  by  the  periodic  magnetic  field 
created  by  solenoids  and  permanent  magnets  disposed  in  the 
drift  tubes.  This  field  simultaneously  permits  to  increase  RF 
electrical  field  breakdown  limit  since  the  lines  of  magnetic 
force  are  perpendicular  to  the  lines  of  electrical  force.  It 
prevents  acceleration  of  secondary  and  field-emission 
electrons  in  the  accelerating  gap.  The  calculated  trajectories  of 
electrons  moving  from  one  drift  tube  are  shown  in  fig.2. 

The  calculation  was  carried  out  for  the  geometry  of  the 
linear  accelerator  I-lOl  (Russia)  [9].  It  is  obvious  that  specific 
energy  liberation,  gas  and  vapour  release  (and  other  factors 
responsible  to  the  electrical  breakdown)  are  much  less  under 
magnetic  insulation.  As  the  field-emission  electrons  are  not 
accelerated  by  the  electrical  field  the  likelihood  of  the 
electrical  breakdown  as  well  as  the  X-ray 


Fig.2.  The  electron  trajectories. 


intensity  is  minimized.  Moreover  the  efficiency  of  harnessing 
RF  power  increases  that  is  important  in  the  high  power 
accelerator.  The  electron  beam  current  can  be  as  much  as 
several  A,  proton  beam  current  is  about  several  hundred  mA. 
The  total  length  of  the  accelerating  system  is  100^150  m. 

At  the  section  III  one  can  recommend  permanent  ring 
magnets  disposed  between  accelerating  gaps.  These  magnets 
can  have  radial  magnetization  (fig.3a)  or  axial  magnetization 
(fig. 3b)  in  the  case  of  the  long  gaps. 

The  amplitude  of  magnetic  field  is  0.1  T,  the  electron 
beam  diameter  is  4-5-6  mm,  the  aperture  diameter  is  10-5-15 
mm.  The  authors  pursued  the  experiments  to  study 
acceleration  and  transportation  of  the  electron-proton  beam  at 
the  system  in  the  form  of  the  series  of  the  single- gap 
accelerators  with  the  ring  magnets  placed  in  the  drift  tubes  and 
also  with  solenoids.  It  was  determined  that  radial  component 
of  the  magnetic  field  in  the  area  of  the  axial  electric  field 
promotes  in  successful  accelerating  cavity  feeding.  But  it 
requires  high  vacuum  and  the  absence  of  ECR  conditions.  The 
coefficient  K  (number  of  pulses  without  RF  discharge  divided 
by  total  number  of  pulses)  vs  magnetic  field  amplitude  is 
shown  in  fig.4.  The  frequency  was  149  MHz,  pulse  duration 
was  0.1  ms,  the  accelerating  gap  was  8  mm.  It  was  also 
recognized  that  delay  (5-5-10  |is)  of  ion  beam 
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Fig.4.  The  coefficient  K  (number  of  pulses  without  breakdown 
divided  by  total  number  of  pulses)  vs  magnetic  field 
amplitude:  o  -  with  delay  of  the  ion  beam  pulse;  A  -  without 
delay. 


As  concerned  the  mixed  beam  forming  system  in  the 
accelerator  output  (sign  11  on  fig.l)  the  main  problem  is 
expected  to  be  tied  with  the  uniformity  of  the  mixed  beam 
intensity  within  necessary  area  at  the  target,  in  particular  with 
the  scanning  beam  as  a  whole.  This  problem  can  be  solved 
using  combined  electric  and  magnetic  fields  acting  to  the 
opposite  sides  for  electrons  and  ions  [9]. 

Thus,  the  conducted  analysis  and  the  experimental 
results  show  the  outlook  of  considered  version.  The  final 
assessment  of  this  version  can  be  obtained  by  performing  test 
experiments  on  electron-  proton  beam  acceleration  at  the 
section  contains  1  unit  for  proton  and  1  unit  for  electron 
acceleration,  the  total  length  of  the  section  is  about  Im.  The 
proton  accelerator  focused  by  electron  beam  [10]  can  be  used 
as  the  injector. 
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Abstract 

A  CW  RFQ,  designed  to  accelerate  lOOmA  proton  beams 
from  lOOkeV  to  4MeV,  is  being  studied  by  the  GECA  in 
Saclay.  A  preliminary  design  leading  to  a  beam  transmission 
larger  than  97%  is  presented.  A  logical  approach,  based  on 
both  the  choice  of  transverse  and  longitudinal  phase  advances 
at  the  end  of  the  gentle  buncher  and  an  adiabatic  variation  of 
the  RFQ  parameters  in  this  region  is  described. 

I.  INTRODUCTION 

For  the  new  generation  of  high-power  accelerators,  high- 
intensity  continuous  proton  beams  are  required.  In  this  paper, 
the  study  of  a  Radio  Frequency  Quadrupole  linac  (RFQ)  able 
to  accelerate  a  100  mA  proton  beam  with  a  high  transmission 
is  presented.  The  input  and  output  energy  are  respectively 
100  keV  and  4  MeV  and  the  operating  frequency  is  set  at 
352  MHz. 

In  the  following  sections,  the  choice  of  the  RFQ 
parameters  is  explained  and  the  beam  dynamics  described. 
Error  studies  for  our  «  reference  design  »  are  also  presented. 

11.  BEAM  DYNAMICS 

The  input  beam  energy  is  settled  to  100  keV  by  the  pre¬ 
injector  of  the  ECR  source  SILHI  beeing  build  at  the 
”Laboratoire  National  Satume”  (LNS).  The  choice  of  4MeV 
for  the  RFQ  output  energy  results  from  both  considerations  : 

•  extend  the  output  energy  to  a  high  level  in  order  to  obtain 
first  DTL  cells  long  enough  to  allow  a  FODO  focalisation 
law, 

•  limit  the  total  RF  power  below  1.3  MW  in  order  to  use 
only  one  power  klystron  to  feed  the  RFQ. 

For  the  beam  dynamics  study,  the  input  transverse 

emittance  (total,  normalized)  is  1.5  7C.mm.mrad 

(0.25  7C.mm.mrad  for  the  RMS  normalized  emittance).  This 
value  is  actually  pessimistic,  the  total  emittance  expected  at 
the  pre-injector  output  is  about  1.0  7C.mm.mrad  or  less.  In 
addition,  as  usual  for  CW  RFQ,  the  maximum  peak  surface 
field  is  keept  below  1.8  E^. 

The  dynamics  has  been  calculated  using  these  parameters 
in  order  to  reach  the  higher  transmission.  Calculations  were 
done  using  both  the  well  known  PARMTEQ  familly  codes 
from  the  Los  Alamos  Nationnal  Laboratory  [1]  and  codes 
from  the  LNS  [2].  All  calculations  began  at  the  end  of  the 
Gentle  Buncher  (GB).  Indeed,  at  this  point  the  particules  are 
bunched  but  weakly  accelerated,  so  it  is  the  area  where  the 
space-charge  effect  is  the  most  important.  Using  CURLI  and 
RFQUICK,  the  first  design  step  gives  a  good  starting  point. 
Nevertheless,  the  PARMTEQ  code  results  show  that  most  of 
the  losses  are  located  at  the  end  of  the  GB  section.  Such  a 


local  loss  of  particles  in  a  CW  accelerator  involves  a  local 
heating  of  the  structure,  sparking  and  pulverization  of  matter; 
they  must  then  be  avoided.  This  has  been  done  by  tuning  the 
adiabaticity  of  the  acceleration  parameter  in  this  region 
(figure  1).  The  LNS  codes  have  permitted  to  choose  the  phase 
advances  (then  the  ro,  a  and  m  parameters)  at  the  end  of  the 
GB  and  to  smooth  the  acceleration  parameter  as  shown  in 
figure  1. 


Figure  1  :  Modification  of  the  acceleration  parameter  to  avoid 
localized  losses. 

The  results  of  this  operation  are  : 

•  the  losses  are  no  longer  localized, 

•  the  transmission  increases  from  94%  to  97.4%  without  the 
multipole  effect  (PARMTEQ)  and  to  97.1%  with 
multipoles  (PARMULT), 

•  for  the  expected  total  emittance  of  1.0  7C.mm.mrad  the 
transmission  increases  up  to  98.3%. 


Particle 

it 

Operating  Frequency 

352  MHz 

Duty  factor 

100% 

Input/Output  Energy 

0.1/ 4.0  MeV 

Input/Output  Current 

100.0/97.1  mA 

Transmission 

97.1% 

Trans.  Emitt.  (RMS,  Norm.) 

0.25  n.mm.inrad 

Peak  Surface  Field 

1.8  E, 

Intervane  Voltage 

90.2  kV 

Total  Length 

6.45  m 

Table  1  :  Beam  and  accelerator  specification. 


The  RFQ  parameters  are  listed  in  table  1.  It  can  be  added 
that  ro  =  3.75nim  is  kept  constant  all  along  the  structure  and 
that  p/ro  =  1.0.  This  is  not  the  best  choice  to  reduce  the  peak 
surface  field  but  in  this  case,  the  multipolar  effects  are  weak. 
Some  of  the  most  important  parameters  are  shown  in  figure  2 
as  a  function  of  the  cell  number. 
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Figure  2  :  RFQ  parameters  versus  cell  number. 


The  next  figure  gives  PARMULT  simulation  results  for 
the  two  cases  previously  described.  Black  points  are  lost 
particules.  Figure  3-A  clearly  shows  that  most  of  them  are 
located  around  cell  352  at  an  energy  of  about  808  keV  (the 
end  of  the  GB). 

t=352MHz,H4.,WI=0.1,Ws=0.n,Wgb=0.808.Wr=4VteV,  I=1O0,0nA 
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Figure  3  :  PARMULT  simulation  with  (A)  and  without  (B) 
modification  of  the  acceleration  parameter. 


Next  figure  shows  the  improvement  obtained  on  the 
energy  deposited  by  the  beam  on  the  vanes. 


Figure  4  :  Losses  versus  cell  number  with  and  without 
improvement  of  the  dynamics. 

III.  ERROR  STUDIES 


All  the  simulations  were  carried  out  using  PARMULT 
with  high  order  multipoles.  In  order  to  reach  a  good  accuracy, 
all  the  calculations  were  done  with  at  least  20000  particules. 
We  first  studied  beam’s  imperfections  at  the  RFQ  entrance  : 
mismatching,  displacement  in  position  and  angle,  energy 
dispersion  and  detuning.  We  have  also  studied  the  effects  of 
tilt  errors  on  the  vane  voltage  and  some  cumulated  defaults. 
Figure  5  shows  the  evolution  of  the  transmission  versus  the 
type  of  default. 

PARMULT  permits  to  modify  the  Twiss  parameter  a,  p, 
Y,  and  e  of  the  beam.  The  limit  of  95%  of  transmission 
appears  in  figure  5-A  and  5-B  to  be  at  ±  15%  of  x  mismatch 
(P),  -  ±  20%  of  x’  mismatch  (y).  In  the  case  of  beam 
displacement  (figure  5-C)  the  limit  appears  to  be  at  ±  11% 
(±0.5mm).  Some  work  is  done  in  order  to  reduce  this 
sensibility  to  beam  misalignments.  The  limit  in  beam  angle 
(steering)  do  not  seems  to  be  so  critical  as  it  reaches  ±  ISmrad 
(figure  5“D).  Some  studies  on  energy  dispersion  show  that  the 
RFQ  admit  AWAV  up  to  4.5% !  The  detuning  of  energy  could 
reach  ±2%.  Studies  of  transmission  versus  vane  voltage  show 
that  the  limit  of  transmission  is  reached  when  the  vane 
voltage  is  reduce  by  3%.  Another  important  parameter  is  the 
tilt  witch  could  appear  on  the  vane  voltage  (figure  5-E).  The 
transmission  is  a  little  better  for  a  tilt  of  -7%.  For  that  tilt,  the 
vane  voltage  is  higher  at  the  begining  of  the  RFQ,  where  the 
beam  is  at  low  energy  and  the  space-charge  effects  high. 
Nevertheless  such  a  tilt  increases  the  peak  field  and  sparking 
can  occur.  Furthermore,  a  negative  tilt  (more  than  -10%) 
involves  an  important  pick  of  longitudinal  losses  at  the  end  of 
the  acceleration. 

The  last  study  describes  cumulated  errors  which  are  given 
in  the  legend  of  figure  6.  This  figure  shows  the  losses  in  the 
longitudinal  plane.  No  localized  losses  appear,  and  the  level 
remains  low.  A  major  point  is  that  expected  transmission  is 
88.5%  if  all  individual  errors  are  cumulated.  Despite,  the 
simulation  gives  85.8%.  The  main  concern  is  the  effect  of 
accumulated  defaults  rather  than  effects  of  sole  defaults.  All 
the  beam  parameters  have  to  be  carefully  adjusted. 
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Figure  5  :  Transmission  versus  errors  (all  in  per  cent  of  the 
original  parameter). 

•  A  and  B  for  the  sensitivity  to  the  twiss  parameters 
(respectively  P  and  y) 

•  C  versus  input  beam  displacement 

•  D  versus  beam  steering  errors  into  the  RFQ  (beam  angle) 

•  E  for  a  tilt  of  the  vane  voltage. 


Figure  6  :  Losses  versus  cell  number.  The  reference  curve  is 
obtained  without  any  errors.  The  thin  line  is  obtained  with 
X  mismatch  =  10%,  y’  mismatch  =  15%,  x  and  y 
displacements  =  10%,  x’  and  y’  displacements  =  10%,  and  tilt 
error  = +5%. 

IV.  CONCLUSION 

For  the  new  generation  of  high-power  accelerators,  a 
reliable  CW  RFQ  with  a  high  output  energy  is  required.  The 
life  time  of  such  an  accelerator  will  be  greatly  improved  if 
damages  done  by  beam  losses  can  be  avoided.  The  goals  for 
the  beam  dynamics  are  then  : 

•  a  transmission  as  high  as  possible, 

•  no  pick  of  losses  which  could  localy  damage  the  vannes, 

•  an  easy  adjustement  of  the  beam  to  the  RFQ  input. 

In  the  « reference  design  »  presented  here,  almost  all 
these  challenges  are  completed.  The  transmission  is  larger 
than  97%.  Only  the  sensitivity  to  beam  misalignement  must 
be  improved.  An  optimisation  of  the  adaptation  section  is 
expected  to  fulfill  such  requirement. 
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METHODS  FOR  INCREASING  OF  BEAM  INTENSITY  IN  UNDULATOR 

LINEAR  ACCELERATOR* 

E.S.Masunov,  Moscow  Engineering  Physics  Institute,  Moscow,  115409  Russia. 


The  paper  describes  theoretical  problems  of  ion  focusing 
and  acceleration  in  the  high-intensity  undulator  linear 
accelerator  (UNDULAC),  where  the  accelerating  force  is 
produced  by  a  combination  of  a  radiofrequency  field  and 
undulator  field.  Both  electrostatic  and  magnetostatic 
undulators  are  studied.  The  main  factor  limiting  the  beam 
intensity  in  the  ion  accelerator  is  space-charge  forces.  Three 
methods  for  increasing  of  the  ion  beam  intensity  in 
UNDULAC  are  discussed:  (i)  enlarging  of  the  beam  cross- 
section;  (ii)  acceleration  of  several  beams  in  one  RF 
structure;  (iii)  compensation  of  the  space  charge  by 
acceleration  of  ions  with  different  signs  of  the  charge  in  the 
same  bunch. 


1.  INTRODUCTION 

Intensive  particle  beams  with  energy  of  1-3  MeV  are 
used  in  neutron  generators  and  for  external  injection  of 
neutrals  in  nuclear  fusion  reactors  of  TOKAMAK  type.  For 
these  purposes,  beams  with  high  average  current  and  very 
small  emittance  growth  are  required.  For  energy  W  >  1  MeV 
linear  RF  accelerator  instead  of  the  accelerator  of  Cockroft 
Walton  Cascade  type  must  be  applied. 

Now,  two  principles  of  focusing  and  acceleration  of  low 
energy  ions  in  resonant  linear  accelerators  are  well-known: 

1)  radio-frequency  quadrupoles  focusing  (RFQ)  and 

2)  alternating  phase  focusing  (APF). 

In  UNDULAC  there  are  no  drift  tubes  .As  a  result,  it  is 
possible  to  use  the  methods  for  increasing  of  beam  intensity, 
which  can  not  be  realized  in  RFQ  and  APF  structures. 


II.  PARTICLE  MOTION  EQUATIONS 

The  motion  equation  of  particle  may  be  written,  using 
Lagrange  function 

— P  =  ^V(v*  A-O)* 

dt 

Where  F  =  p  +  eA  is  the  canonical  momentum  of  the 

particle,  A  =  +  Aq  the  overall  vector  potential  of  the  RF- 

field  Ay  and  the  periodical  magnetostatic  field  Aq, 

O  =  +  Oq  the  overall  electrostatic  potential  of  the 

external  field  and  periodical  electrostatic  field  of  the 
undulator  Oq. 

First  of  all,  let  us  discuss  the  motion  equation  for  a 


*  The  research  described  in  this  publication  was  made  possible 
in  part  by  Grants  #  MFQ  300  from  the  International  Science 
Foundation  and  Russian  Government. 
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particle  in  the  magnetostatic  undulator  (UNDULAC-M)  in 
the  case  when  0  =  0  and  RF  field  harmonics  are 
unsynchronized  with  the  beam.  The  trajectories  of  the 
particles  can  be  represented  as  a  combination  of  fast 
oscillations  f  and  slow  variation  R^.  The  kinetic  momentum 
of  particle  is  represented  by  the  sum  of  slowly  varying  and 
fast  oscillating  components  P  =  Pc+P*  By  averaging  over 
fast  oscillations,  from  (1)  we  obtain  the  equation,  that 
describes  the  slow  evolution 

a) 


Taking  into  account  only  the  main  space  harmonic  of 
the  magnetostatic  undulator  and  TEM-  or  TE-  wave  in  the 
waveguide  structure,  the  equation  (2)  can  be  rewritten  in  the 
form 


(3) 


Where  the  potential  function 

f/j  =b^  +  bo  -  2b^  •  bo sin\|f.  (4) 


Here  h^Q  =  eB^QX^Q/{2iwic)  the  dimensionless  amplitudes 

of  the  transverse  components  of  the  wave  magnetic  field 

z 

and  undulator  field  Bo;  B^  q  =  wtA^  Q’,  \\f=(o^dzi/Vs  Vo 

0 

-  the  particle  phase  in  the  combined  wave  field;  (O  -  the 
frequency  of  RF  field,  T  =  (0^,  \|/  q  “  the  initial  phase; 


=XqIX^  -  the  normalized  velocity  of  the  synchronized 
particle,  X  v  -  the  RF-field  wavelength,  X  o  -  the  undulator 
period. 

The  same  equation  can  be  obtained  for  the  electrostatic 
undulator  (UNDULAC-E)  when  Ao=0 


(3a) 


where  the  potential  function 

f^«=e!+®o-2e„'eosin\|/. 


(4a) 


Here  e,o  =  dimensionless 

amplitudes  of  the  basic  RF-field  harmonic  and  the  first 
electrostatic  field  harmonic  Eq. 
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The  acceleration  gradient  is  proportional  to  the 
amplitudes  of  the  RF  and  the  undulator  fields 


AW 

Az 


fb  -bn 


COS\|/. 


(5) 


The  energy  increase  AW  on  the  length  X  o  is  maximum, 

when  By  II  Bq  or  Ey  II  Eq.  Therefore  the  choice  of  the 
magnetic  (electrostatic)  undulator  type  and  its  orientation 
depends  on  the  RF-structure  type  [1]. 

Efficient  capture  and  bunching  of  the  beam  can  be 
obtained  by  the  adiabatic  growth  of  the  values  of  o  and 
along  the  longitudinal  axis  and  the  corresponding  increase  of 
the  undulator  period  X.  o  to  maintain  the  beam  synchronism 
with  the  combined  wave  field. 

The  choice  of  the  functions  b^,  and  bo,  Cq  is  not 
arbitrary  because  simultaneously  with  acceleration  it  is 
necessary  to  keep  up  the  transverse  focusing  of  the  beam.  In 
absence  of  the  undulator,  the  transverse  RF  field  can  both 
focus  and  defocus  the  beam.  The  undulator  without  RF  field 
can  focus  the  beam.  The  combined  field  of  the  wave  and  the 
undulator  accelerates  particles  in  the  longitudinal  direction 
but  defocusses  them  in  the  transverse  direction.The  total 
effect  can  be  found  only  from  the  analysis  of  (4)  and  (4a). 
Equilibrium  trajectories  may  exist  for  all  particles  of  the 
beam,  if  two  conditions  are  valid 


The  motion  around  an  equilibrium  trajectory  is  stable  if 
the  potential  function  f/b,c  has  an  absolute  minimum.  These 
conditions  obtained  have  to  be  tested  considering  coupling 
resonances.  It  is  important  to  study  non-linear  oscillations  of 
the  beam  particles  for  specification  of  the  transverse 
focusing  conditions. 

In  a  simple  case  the  potential  function  f/b,e  has  been 
found  without  considering  higher  harmonics  of  the  RF  field 
and  undulator  field.  It  is  important  to  avoid  beam  flaking 
when  the  beam  interacts  with  the  higher  harmonics. 
Limitations  imposed  on  the  values  of  these  harmonics  specify 
the  shape  of  the  undulator  poles,  as  well  as  the  geometry  of 
the  electrodes  that  form  the  RF  field. 


III.  THE  RIBBON  BEAM  IN  THE  UNDULATOR 

The  current  in  the  UNDULAC  may  be  increased  for  the 
large  cross-section  beam.  In  the  UNDULAC  there  is  no  drift 
tubes  and  the  ribbon  or  hollow  beams  can  be  accelerated. 
Study  of  ribbon  ion  beam  interaction  with  the  RF-field  in  the 
plane  electrostatic  undulator  was  carried  out  in  the  papers 
[2-3].  Here  the  electrostatic  undulator  is  combined  with  the 
RF  system  forming  the  transverse  electric  field.The  required 
field  distribution  is  provided  by  a  system  of  transverse 
electrodes  mounted  in  the  resonator  and  dc-isolated  between 


each  other.  The  periodic  undulator  field  is  provided  by 
electrostatic  potential,  which  is  supplied  across  the  adjacent 
pairs  of  electrodes.Simultaneously,  RF  potentials  are 
delivered  to  the  electrodes.  So  the  same  electrodes  are  used 
to  generate  both  fields. 

This  accelerator  (UNDULAC-E)  is  suitable  for 
demonstration  of  capabilities  of  this  new  method.  The 
condition  for  providing  efficient  capture,  bunching  and 
acceleration  of  ions  were  found  in  [2].  The  influence  of 
coupling  resonances  on  the  choice  of  the  field  amplitudes 
was  analyzed.  An  effect  of  higher  harmonics  of  the  space 
field  on  the  beam  dynamics  was  investigated.  Some  methods 
of  formation  of  the  required  fields  configuration  were 
described  in  [4].  Computer  codes  for  description  of  the 
ribbon  ion  beam  dynamics  in  real  fields  were  developed  and 
the  respective  calculations  were  performed.  The  simulation 
results  were  in  good  agreement  with  theoretical  estimations. 
Design  of  the  RF-accelerating  structure  that  showed  a 
possibility  to  create  the  UNDULAC-E  with  a  plane 
electrostatic  undulator  was  proposed  and  studied 
experimentally  [3]. 

The  electrostatic  version  of  UNDULAC  is  preferable  at 
small  values  of  the  injection  energy  (W  =  30  KeV  for  the 
proton  beam).  In  the  case  of  high  injection  energy  (W>  100 
KeV  for  the  proton  beam)  we  can  substitute  the 
magnetostatic  undulator  for  the  electrostatic  one.  For 
UNDULAC-M,  it  is  impossible  to  obtain  the  large  cross- 
section  area  of  the  beam  because  of  technical  problems 
connected  with  formation  of  strong  magnetic  fields  in  large 
volumes  occupied  by  the  beam.  However,  there  is  an 
opportunity  to  accelerate  more  then  one  beam  in  the 
magnetic  channel. 

IV.  SEVERAL  BEAMS  IN  THE  UNDULATOR 

It  is  easy  to  accelerate  the  several  beams  in  one  RF 
structure  of  UNDULAC  because  there  are  no  drift  tubes.  For 
UNDULAC-E,  two  (or  N)  ribbon  beam  could  be  accelerated 
if  three  (or  N+1)  rows  of  electrodes  are  used.  For 
UNDULAC-M,  there  is  too  an  opportunity  to  accelerate  more 
then  one  beam  in  the  magnetic  channel.  The  task  is  to  choose 
a  special  symmetry  of  the  transverse  radio-frequency  and 
periodical  magnetostatic  fields.  The  RF  system  must  be  a 
small  transverse  size  to  be  located  inside  the  undulator. 
Therefore,  it  is  preferable  to  use  a  shielded  multielectrode 
line  where  transverse  electromagnetic  (TEM)  waves  travel. 
The  geometrical  size  of  RF  structure  and  the  magnetic 
undulator  must  be  found  to  maintain  several  equilibrium 
trajectories  simultaneously.  If  the  axis  of  the  magnetic 
undulator  coincides  with  that  of  RF  system  and  the  beam  is 
injected  along  it,  equations  (6)  are  validated  automatically.  If 
the  later  condition  is  not  valid,  an  equilibrium  trajectory 
exists  only  if  the  field  amplitudes  and  their  transverse 
gradients  are  connected  by  the  relations 

=  (6a) 
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This  result  may  be  used  at  a  high  value  of  the  aperture 
of  the  accelerating  channel  because  it  allows  to  inject 
particles  beyond  the  axis  and  to  place  the  beam  closer  to  the 
poles  of  the  undulators,  in  order  to  increase  the  acceleration 
gradient. 

The  simple  example  of  UNDULAC-M  with  shielded- 
pair  electrodes  was  considered  in  the  paper  [6].  In  the  paper 
[6]  it  was  shown  that  for  an  axially  symmetric  undulator  and 
two  electrodes  of  line  the  potential  function  (4)  has  two 
absolute  minima.  So,  the  focusing  conditions  are  valid  for 
two  beams.  The  choice  of  optimum  parameters  for  bunching 
and  acceleration  of  two  ion  beams  might  be  satisfied 
similarly  to  the  case  of  one  beam. 

Acceleration  of  more  than  two  beams  is  possible  if  more 
than  two  longitudinal  electrodes  are  used.  For  N  electrodes  in 
the  axially  symmetric  undulator  it  is  possible  to  accelerate  N 
beams,  while  in  the  plane  magnetic  undulator  N~1  beams. 

V.  THE  SPACE  CHARGE  COMPENSATION 

Study  of  the  possibility  of  simultaneous  acceleration  of 
both  positive  and  negative  ions  with  the  identicial  charge-to- 
mass  ratio  in  linear  accelerators  is  great  interest.  The  current 
limit  of  the  ion  beam  can  be  substantially  increased  by  using 
the  space-charge  compensation  of  positively  (D"^)  and 
negatively  H"  (D)  charged  ions  being  accelerated 
simultaneously. 

Let  us  consider  the  motion  of  positive  and  negative  ions 
for  a  definite  charge-to-mass  ratio  in  UNDULAC.  All  the 
harmonics  of  RF  field  and  the  undulator  field  in  the 
UNDULAC  are  asynchronous  to  the  beam.  After  averaging 
over  fast  oscillations  one  can  derive  an  expression  for  the 
effective  potential  function  (4),  (4a)  that  describes  the 
averaged  particle  motion  (3),  (3a).  The  potential  function  Ub,e 
depends  on  the  particle  charge  squared,  i.e.  averaged  motions 
of  positive  and  negative  charged  ions  are  identical.  It  is 
important  to  note  that  both  the  main  and  high  space 
harmonics  have  simular  averaged  influence  on  motion  of  the 
positive  and  negative  ions.  These  ions  will  be  within  the 
same  separatrix. 

The  averaged  transverse  trajectories  of  positively 
and  negatively  charged  ions  and  their  focusing  conditions 
coincide.  Nevertheless,  fast  transverse  oscillations  f+_  of 

these  ions  occur  in  anti-phase  (f+  =  "-?_). 

Usually,  amplitudes  of  fast  oscillations  are  comparable 
with  the  mean  beam  size.  For  the  space-charge  compensation 
it  is  important  that  the  transverse  separation  of  the  oppositely 
charged  beams  will  not  be  large.  If  such  the  beams  with  the 
equal  current  II+I  =  11.1  and  the  same  initial  emittances  and 
velocities  are  injected  into  the  accelerating  channel,  it  is 
necessary  at  least  that  the  difference  between  the  mass  center 
positions  of  the  two  beams  is  less  then  by  2r . 

The  result  of  mutual  space-charge  compensation 
depends  primarily  on  behaviour  of  mass  centers  of  the  beams. 
Coherent  transverse  stability  of  a  two-component  ion  beam 


was  studing  using  the  dispersion  equation.  The  analysis  of 
dispersion  equation  for  this  case  showed  that  dipole 
resonances  for  two-component  beam  are  not  observed  in 
presence  of  external  focusing. 

Computer  simulation  of  a  two-component  ion  beam, 
consisting  of  and  H"  was  carried  out  by  a  macroparticle 
method  in  the  paper  [7].  The  space-charge  field  was 
calculated  from  the  3D  Poisson  equation.  The  results  of  the 
numerial  simulation  of  intense  and  H"  beam  dynamics 
confirm  the  analytical  estimations. 

VI.  CONCLUSION 

Theoretical  and  experimental  studies  of  the  UNDULAC 
showed  a  possibility  to  create  a  new  type  of  ion  linear 
accelerator.  In  this  accelerator  there  is  no  need  in  drift  tubes. 
As  a  result,  it  is  possible  not  only  to  enlarge  the  beam  cross- 
section,  but  also  to  accelerate  several  beams  in  one  channel 
and  to  use  the  space  charge  compensation.  Many  examples  of 
realization  of  the  RF  and  the  undulator  fields  can  be 
suggested  for  increasing  of  the  beam  intensity.  Such  ion 
accelerators  can  be  used  for  the  neutron  generators  and  the 
nuclear  fusion  reactor. 
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LINAC  INTEGRATED  SCHEME  USING  RF  ENERGY  STORAGE  AND 

COMPRESSION 
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Proposed  earlier  the  conception  of  a  compact  rf- 
linac  without  an  external  rf-energy  source  is  analysed  here 
numerically.  Under  certain  conditions  an  unbunched  low 
voltage  electron  beam  can  be  accelerated  during  a  short  ns 
pulse  by  using  of  rf-energy  stored  in  an  external  cavity  for  a 
relatively  long  time  of  self-excited  oscillation  induced  by  the 
same  beam  in  the  same  special  accelerating/oscillating  linac 
structure.  Non-steady  acceleration  is  considered  in  terms  of 
optimal  time  delays,  energy  gain  and  spectra. 

L  INTRODUCTION 

In  the  previos  paper  [1]  we  showed  the  feasibility  of 
a  low  energy  linac  combining  rf-generation  and  acceleration 
processes  at  the  same  injected  beam  energy.  It  based  on  use 
of  rf-compression  technique  developed  for  high  energy  linear 
colliders.  Since  the  RF  energy  commutation  may  be  one  or 
two  orders  faster  than  the  electric  high  voltage  energy 
commutation  (conventional  modulator),  combining  the 
structure  proposed  and  RF  energy  compression  system  can 
give  high  levels  of  the  average  beam  power  (lO-lOOkW).  The 
linac  facility  would  have  considerably  reduced  weight  and 
sizes  as  compared  to  similar  industrial  linacs.  The  power 
supply  required  is  in  40-120  kV  range  dc  source,  and  an 
estimated  overall  wall  plug  efficiency  is  about  a  one  percent. 


Figure  1.  The  integrated  linac  scheme  for  the  case  of  the 
acceleration  by  the  forward  wave.  The  rf  commutator 
contains  an  auxiliary  modulator  (it  is  not  shown)  to  control 
the  external  of  the  storage  cavity. 

II.  PRELIMINARY  ASSUMPTIONS  AND  INPUT 
CONDITIONS 

We  are  considering  here  only  one  of  two  integrated 
linac  schemes  [1].  It  utilizes  acceleration  by  the  forward 
wave  and  oscillation  of  the  backward  wave.  The  schematic 
layout  is  shown  in  the  Figure  1. 
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Concerning  the  processes  of  rf  generation  and 
compression  discussed  earlier  [1-3],  here  we  consider  only 
more  accurately  the  effeciency  of  energy  transfer  from  the 
structure  to  cavity  and  back.  It  is  advantageous  to  use  a 
periodic  regime  when  the  cavity  is  not  empty  before  energy 
storage.  Apart  from  [4],  we  assume  external  rf  energy  source 
does  not  exist  during  the  time  interval  for  energy  transfer 
from  the  cavity  to  the  accelerating  structure.  For  this  case  the 
storage  efficiency  can  be  calculated  by  imposing  periodicity 
condition: 
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where  8=7Ctffo(l+%u)/Qo  ,  [i=7Ctgfo(l+Xg)/Qo»  %  is  the  time 
duration  of  the  RF  power  storage  in  the  external  cavity,  f^  is 
the  operating  frequency,  tf  is  the  section  filling  time,  Xg  is 
the  coupling  factor  during  the  rf-energy  generation  and 
storage,  and  x^  is  the  coupling  factor  during  the  time  interval 
ty,  during  that  the  stored  energy  is  coupled  out  of  the  storage 
cavity  with  factor  Qq.  The  maximum  value  of  approaches 
1  instead  of  0.815  and  at  the  limit  of  Xu“^  we  obtain  usual 
expression.  It  can  be  seen  from  (1),  that  the  optimum  value  of 
(X  is  0.9  (when  5=1.26)  instead  of  usual  1.262. 

For  a  constant  impedance  structure  and  a  storage 
cavity  with  two  RF-ports  the  efficiency  tIq  of  energy  transfer 
from  the  cavity  to  structure  is  calculated  by  P.B.  Wilson  [5]. 
For  our  case  the  corresponding  efficiency  is: 
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where  a  is  the  attenuation  constant.  For  a  constant  gradient 
structure  one  can  obtain; 

Y  1  —  f  1  -  e“®  T 

T1„  =  267"^^^= - 7 - i—  .  (3) 

1  +  Xu  2t  8  j 

Here  x  is  the  attenuation  parameter,  and  to  maximise  we 
should  provide  8  «  1.26. 

Time-dependent  calculations  were  undertaken  to 
confirm  and  specify  the  analytical  estimations  (see  the  first 
column  of  the  Table  2  in  ref.[l]).  The  RF  energy,  entering 
into  the  section  from  the  storage  cavity,  and  the  total  charge 
of  the  input  pulse  train  were  1.34  J  and  83  nC  respectively.  A 
constant  impedance  subsection  L3  was  assumed. 

The  modified  code  [6]  used  takes  into  account  non-steady 
beam  loading,  accelerating  wave  propagation  in  the  tapered 
section  and  longitudinal  space  charge  effect.  As  an  example 
we  used  the  optimised  DLWG  section  parameters  presented 
in  Fig.  2. 


1152 


Accurate  optimisation  of  these  parameters  depends  on  the 
current  pulse  and  RP  power  pulse  shapes  as  well  as  time 
delay  t^  between  them.  To  simulate  real  pulse  shapes  we 
have  used  non-ideal  profiles  for  the  incident  RF  pulse  (see 
Fig.  3)  and  the  input  current  pulse  (see  Fig.  4,  curve  1). 


Figure  2.  The  parameters  of  the  optimised  DLWG  tapered 
structure  plotted  along  the  section:  relative  accelerating  field 
amplitude  (curve  1),  relative  phase  velocity  for  the 
fundamental  harmonic  (curve  2),  iris  relative  radius  a/X. 
(curve  3)  and  relative  group  velocity  (4) 


Figure  3.  Input  RF  power  pulse  profile  used  in  simulations. 
RF  energy  is  equal  to  1 .34  J. 

III.  SIMULATION  RESULTS 


Under  the  conditions  given  above  we  have  found 
geometrical  and  RF  parameters  for  the  linac  section  (see  Fig. 
2)  that  provide  close  to  the  maximum  accelerated  beam 
energy  (see  Fig.  4)  and  capture  coefficient  at  optimal  time 
delay  t^j  «  0.6  [is.  Note,  that  the  undesirable  phase  shifting 
cells  were  avoided  at  this  optimisation. 

It  is  seen  from  Fig.  5,  that  the  beam  capture  is  equal  to  its 
maximum  at  t^  «  0.48  \is  and  the  full  width  of  the  energy 
spectrum  at  half  maximum  (FWHM)  is  equal  to  the  local 
minimum  value  with  both  time  delays.  Energy  spectra 
calculated  for  the  total  accelerated  pulse  train  at  these  values 
of  time  delay  are  presented  in  Figs.  6a, b. 


TIME  (ns) 

Figure  4.  Input  current  pulse  profile  (curve  1)  used  in 
simulations.  Injected  pulse  charge  is  equal  to  83  nC.  Output 
current  pulse  profile  (curve  2)  and  energy  gain  versus  time 
(curve  3)  are  calculated  for  the  time  delay  tj  =  0.58  [is  and 
RF  energy  1.34  J.  Accelerated  pulse  charge  is  equal  to  47  nC. 


Time  delay,  \iS 

Figure  5.  Beam  capture  coefficient,  energy  gain  and  energy 
spectrum  FWHM  for  the  accelerated  pulse  train  as  a  function 
of  the  time  delay  between  the  injected  current  pulse  and  the 
RF  pulse. 

A  non-steady  beam  loading  effect  is  demonstrated  in 
Fig.  4  (curves  2,3)  for  close  to  optimal  parameters  of  the 
section  and  time  delay.  We  see,  that  the  energy  averaged 
over  the  bunch  is  a  non-monotonous  function  of  the  bunch 
number.  It  is  caused  by  a  combined  effect  of  the  sharp  form 
of  the  incident  RF-pulse  and  non-ideal  injected  current 
profile. 

It  was  found  in  simulations  [6],  that  the  total  energy  spread  is 
narrower  for  asymmetric  input  pulse  current  profile  having 
long  leading  edge  and  short  trailing  edge  if  the  section  filling 
time  and  pulse  length  are  comparable. 

The  simulations  presented  above  imply  pulsed 
injection  from  ns  electron  gun.  However,  it  would  be 
interesting  to  consider  the  case  of  continuous  beam  injection. 
Calculation  results  for  the  input  dc  1=9  A  beam  are  presented 
in  Fig.  7. 
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Figure  6.  Energy  spectra  for  the  accelerated  pulse  train  for 
two  different  time  delays;  t^j  =  0.6  [is  (a)  and  tj  =  0.5  [is  (b). 


fundamental  space  harmonics  -  on  the  other.  In  accordance 
with  the  simulation  results  Fig.  7,b  it  is  necessary  to  treble 
the  peak  RF  power  (and,  consequently,  RF  energy  stored)  to 
achieve  the  same  peak  energy  gain. 
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Figure  7,b.  Electron  beam  energy  gain  and  current  versus 
time  for  RF  energy  4  J.  RF  power  pulse  shape  and  duration 
are  the  same  that  depicted  in  Fig.  3. 


IV.  SUMMARY 


The  most  effective  performance  requires  the 
electron  gun  turning  off  during  the  structure  filling  in  by  rf- 
energy  and  optimization  of  the  time  delay  between  rf- 
switching  and  electron  gun  turning  on.  In  this  case  anlytical 
estimations  are  in  agreement  with  simulation  results. 


Figure  7, a.  Electron  beam  energy  gain  and  current  versus 
time  for  RF  energy  1.34  J.  The  inset  shows  the  accelerated 
current  pulse  shape  corresponding  to  the  maximum  energy. 
RF  power  pulse  shape  and  duration  are  the  same  that 
depicted  in  Fig.  3. 

The  reason  of  low  energy  gain  (see  Fig.  7, a)  is  a  competition 
between  the  processes  of  trapping  into  acceleration  -  on  the 
one  hand  and  oscillatiSti  (radiation)  of  the  -1  and 
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MAGNETIC  FIELD  INFLUENCE  ON  RESTRUCTURES  ELECTRODYNAMICS 
CHARACTERISTICS  And  SPARKING  LIMIT. 
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In  linear  accelerators  the  focusing  magnetic  field  influence 
on  phase  and  power  spectra  of  beam,  as  a  rule,  is  not  taken 
into  account,  and  the  recommendations  at  the  focusing  system 
parameters  choice  are  reduced  to  definition  the  magnetic  field 
longitudinal  components  necessary  for  focusing  [1].  However, 
use  of  such  valuations  at  designing  of  focusing  systems  is 
fi:equently  insufficient,  as  far  as  a  number  of  work,  containing 
experimental  results,  indicating  the  essential  dependence  of 
the  accelerator  RF-structure  electrodynamics  characteristics 
(EDC)  on  value  and  distribution  form  of  the  focusing 
magnetic  field  along  accelerator  axis  is  well  known  [2,3]. 

The  conducted  analysis  has  given  the  basis  to  consider, 
that  this  phenomena  nature  is  connected  with  power 
absorption  in  resonant  volumes  by  the  RF-discharge  in  a 
residual  gas.  Therefore  for  definition  of  the  magnetic  field 
influence  on  accelerating  structures  EDC  a  prototyping 
technique  was  offered  [4].  The  given  technique  consists  of 
researched  processes  modelling  on  a  separate  element  of  a 
periodic  accelerating  system  and  subsequent  generalisation  of 
results  received  at  prototyping  for  more  difficult  accelerating 
structures  cases  with  the  elementary  ratio  help,  determining 
the  RF-discharge  average  parameters. 

In  this  report  the  theoretical  and  experimental  results  of  the 
high-vacuum  RF-discharge  plasma  influence  to  accelerating 
structures  EDC  research  are  performed,  as  well  as 
experimental  research  results  of  the  single  gap  cylindrical 
cavity  magnetic  insulation  (MI). 

The  characteristics  measurement  of  the  RF-discharge, 
arising  in  S-band  cylindrical  cavity,  was  performed  at  the 
experimental  stand,  created  on  basis  single-gap  cavity,  excited 
at  the  lowest  mode  of  electrical  prick  [4].  The  magnitudes 
received  during  set-up  of  self  firequency/o  and  quality  Qq  were 
equals  (2797,5+0,1)  MHz  and  (9,8±0,5)■10^  accordingly.  The 
magnetic  field  in  the  cavity  was  created  by  special  focusing 
solenoids  of  two  types  [4].  By  work  in  a  continuous  mode  the 
solenoids  feed  was  executed  from  the  current  stabilised 
source.  In  a  pulsing  mode  the  power  supply  system  start  was 
executed  from  the  previous  pulse  through  the  delay  line. 

During  experimental  work  quality  and  frequency  shift 
dependencies  on  the  current  in  the  focusing  solenoids  I  and  on 
power  level  entered  the  cavity  for  various  solenoids  inclusions 
(fig.l)  were  received.  As  it  is  visible  from  the  figure,  the 
increase  only  entered  power  in  three  times  (in  magnetic  field 
absence)  results  in  reduction  cavity  loaded  quality  to  10-^ 
12%  and  frequency  shift  A^q  occurrence.  Availability  a 
magnetic  field  results  in  the  further  reduction  Qi  (up  to  20^ 
22%)  and  increase  A/q  (on  150  kHz).  The  heaviest  change  Q 
and  /Vb  place  in  a  range  of  currents  /,  appropriate  the 
magnetic  field  induction  value,  at  which  resonant  conditions 


realisation  in  equations,  of  describing  behaviour  the  RF- 
discharge  in  parallel  and  normal  electrical  magnetic  field  at 
frequency  3  GHz  [5]  is  possible.  It  testifies  to  essential 
magnetic  field  influence  for  a  cylindrical  cavity  EDC. 
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Fig.  1.  The  dependencies  A/q  and  Qi  on  the  current  I  for 
various  source  power  (1.  Pjjj=60  kW,  2.  Fjjj=40  kW,  3.  Fin=20 
kW). 

Conducted  researches  have  shown  also,  that  the  working 
pressure  increase  in  accelerating  structure  results  in  decreasing 
of  magnetic  field  influence  on  the  RF-discharge  development 
conditions.  It  is  explained  by  that  collisions  number,  tested  of 
the  RF-discharge  plasma  electrons  during  their  movement,  at 
low  pressure  it  is  not  enough  and  their  elimination  from 
volume,  engaged  by  a  plasma,  occurs  preliminary  at  the 
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expense  of  them  diffusion  to  walls  with  subsequent 
recombination. 


Fig.  2.  Dependence  of  the  ratio  on  the  current  I 

at  the  buncher  output. 


Fig.  3.  Phase  shift  dependence  on  the  current  I  at  the 
buncher  output. 

The  experimental  research  of  the  magnetic  field  influence 
for  accelerating  structure  EDC  as  cylindrical  iris  loaded 
waveguide  (IW)  was  conducted  on  installation,  formed  on 
linac  buncher  base  [4].  Buncher  represents  IW  with  variable 
phase  speed  and  frequency  /q=2800  MHz.  As  a  result 
dependencies  of  the  output  buncher  power  P^tP^  for 
various  current  magnitudes  in  the  focusing  solenoids  1  (fig.2) 
were  received.  Here  -  RF-power  at  a  buncher  output  at  a 
zero  current  in  focusing  solenoids.  Theoretical  curves  were 
received  by  technique  described  above.  Experimental  data 
were  obtained  on  model  cavity,  similar  to  cells  of  given  IW. 
The  account  was  conducted  for  various  values  of  the  output 
buncher  power  and  the  RF-discharge  radius  in 

waveguide  a/r^,  where  and  a  -  aperture  radius  in  waveguide 
iris.  The  similar  experimental  and  theoretical  dependencies 
were  received  for  a  phase  shift  in  the  buncher  accelerated 
structure,  stipulated  by  the  RF-discharge  plasma  availability  in 
it  (fig.3). 


Conducted  researches  of  reflected  power  dependence  on 
the  value  /  in  buncher  proved  a  hypothesis  about  the  RF- 
discharge  arising  in  IW  power  absorption,  as  far  as  the 
maximum  reflected  power  magnitude  at  change  of  a  current  in 
focusing  solenoids  did  not  exceed  5%  from  the  output  power 
level,  and  the  qualitative  character  of  received  dependencies 
was  close  to  submitted  in  fig.2,3  curves.  Transients  study, 
arising  at  RF-discharge  formation  in  IW  has  shown,  that  the 
time,  during  which  RF-discharge  will  be  formed  in 
waveguide,  does  not  exceed  0,3-K),4  |is.  Hence,  the 
experimental  results  submitted  in  fig.2,3  are  received  in 
conditions  completely  created  plasma. 


Fig.  4.  Frequency  and  quality  Q  dependencies  for  various 
source  power  magnitudes. 

To  research  RF-discharge  influence  on  L-band  accelerating 
structures  EDC  a  series  of  experiments  was  conducted  on  the 
double-gap  cavity  with  drift  tube,  installed  on  quarter  wave 
vibrator.  Experimental  dependencies  of  reflection  coefficient 
r  on  frequency  for  various  magnitudes  of  RF-powers  are 
shown  in  fig.4,a.  The  given  dependencies  feature  is  various 
resonance  curve  size  that  shows  a  cavity  loaded  quality  value 
decrease  with  an  arriving  in  a  cavity  power  increase  (fig.4,b). 

The  following  part  of  experimental  researches  was  devoted 
the  electrons  MI  issuing  in  the  artificial  created  autoemission 
centres  area.  As  measurement  object  the  described  above  S- 
band  cylindrical  capacity  was  chosen.  The  determination  of 
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the  magnetic  field  amplitude,  created  in  the  cavity  by  special 
two  types  solenoids,  and  optimum  time  of  RF-pulse  delay 
concerning  the  modulator  pulse  was  executed  with  the  help  of 
a  calibrated  induction  gauge  [4]. 

The  first  series  of  experiments  on  RF-fields  limiting 
amplitude  dependence  research  from  magnetic  field  induction 
in  the  cavity  was  conducted  with  solenoids,  working  in 
continuous  mode.  At  achievement  of  power  level,  as  it  is 
visible  from  fig.5,  order  0,3  Pq  (where  Pq  -  the  RF-power 
limiting  value  at  magnetic  field  absence)  was  observed  RF- 
pulse  breakage.  Thus,  the  pulse  envelope  form  in  input 
waveguide  and  pressure  in  a  system  did  not  change.  The 
average  current  density  in  the  winding  varied  within  the 
limits  of  10^  A/m^.  The  received  RF-discharge  area  top  border 
dependence  on  the  magnetic  field  induction  permits  to  assume, 
that  the  pulse  breakage  occurrence  gear  is  connected  to  RF- 
fluctuations  excitation  at  the  electron  cyclotron  resonance 
(ECR)  frequency.  At  achievement  of  some  RF-power  limiting 
significance  the  pulseform  in  the  capacity  was  strongly 
deformed,  and  the  pressure  in  a  system  was  increased  at  the 
order.  The  reduction  of  the  RF-power  maximum  value  entered 
without  capacity  breakdown  was  observed  as  at  counter,  as  at 
agree  solenoids  inclusion  in  accordance  with  the  power  supply 
current  increase  (fig.5).  As  ECR  arises  under  condition  of 
BImc,  where  y  -  the  relativistic  factor,  for  exit  from  the 
resonance  band  the  magnetic  induction  B  increasing  is 
required. 

As  far  as  the  limiting  current  value  in  focusing  solenoids 
by  work  in  a  continuous  mode  was  limited  their  essential 
heating  and  made  10  A,  the  second  series  of  experiments  was 
conducted  with  solenoids,  working  in  pulse  regime.  We  shall 
note  also,  that  after  the  cavity  training  the  maximum  power 
level  Pq  was  increased  up  to  100  kW  at  a  duration  pulse  2,5  |i 
s  and  the  repetition  frequency  1  Hz.  During  measurement  the 
RF-power  limiting  value  reduction  P^  was  marked  at  the 
average  current  density  in  the  solenoids  up  to  10^  A/m^. 
However,  for  higher  current  density  the  value  P^j.  was  sharply 
increased  up  to  a  level  (l,7^2,0)  Po  (fig-5),  that  it  is  possible 
to  interpret  as  transition  from  a  regime  of  power  absorption  by 
the  RF-discharge  to  the  regime  of  MI  (continuous  line  in  fig. 
5).  At  agree  solenoids  inclusion  or  connection  only  one 
solenoids  took  place  essential  (in  3-^4  times)  reduction  of  P^j. 
in  comparison  with  Pq  in  all  significance  changes  range  (a 
dashed  line  in  fig.5). 

The  cavity  internal  surface  research  after  a  series  of 
experiments  has  shown,  that  cylindrical  surface  heaviest 
degradation  was  subjected.  It  can  be  explained  by  electrons 
bombardment,  driven  along  magnetic  field  force  lines,  normal 
to  a  cylindrical  surface.  The  similar  character  and  arrangement 
of  emitted  from  the  cathode  electrons  flow  bombardment 
traces  was  marked  in  [6]. 


Fig.  5.  The  dependence  Pjjj.  on  the  current  density. 

Thus,  the  conducted  researches  have  shown,  that 
conventional  theoretical  account  models  use  in  the  assumption 
of  ideal  vacuum  at  devices  designing  with  the  RF-discharge  is 
not  always  reasonable  from  the  reliability  point  of  view.  The 
experimental  results  comparison  with  calculating  has 
confirmed  serviceability  by  the  developed  authors  technique 
of  the  modelling  processes,  occurring  in  accelerating 
structures  filled  by  RF-discharge  plasma  [4].  The  conducted 
researches,  besides  have  confirmed  a  opportunity  of  essential 
accelerating  structures  with  MI  sharking  limit  increase,  in 
particular,  cylindrical  cavity.  At  the  expense  of  focusing 
solenoids  counter  inclusion  the  magnetic  field  in  such 
structures  has  casp  configuration,  and  at  this  fields  sufficient 
intensity  effective  MI  of  emission  electrons  occur.  However, 
for  positive  effect  reception  from  MI  use  it  is  necessary  to 
exclude  the  power  absorption  conditions  by  the  RF-discharge 
in  a  residual  gas,  in  particular,  to  leave  a  occurrence  ECR 
band. 
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Direct  injection  into  a  RFQ  without  mass  or  charge 
separation  is  discussed  especially  in  those  cases,  where  a 
larger  number  of  accelerated  ions  or  higher  beam  currents 
are  required.  Assu-ming  an  electrostatic  ion-source 
extraction  system  and  an  Ein-zellens  e.  g.  for  focusing  the 
beam  into  the  RFQ,  all  charge  states  are  offered  but  with 
different  input  energies  correspon-ding  to  their  charge  to 
mass  ratio.  Particle  dynamics  calculati-ons  show,  that  ions 
with  higher  charge  states  than  the  design  value  are 
accelerated  to  the  final  energy  with  good  beam  qua-lity 
whereas  ions  with  lower  charge  states  are  only  partly  acce¬ 
lerated,  partly  drifting  or  are  lost.  Results  of  calculations 
three  different  cases  will  be  presented  and  discussed  for 
different  ion  species. 

L  INTRODUCTION 

A  Radio  Frequency  Quadrupole  (RFQ)  accelerator  [1,2] 
is  mainly  used  for  the  capture,  focusing  and  preacceleration 
of  light  as  well  as  heavy  ion  beams  directly  behind  the  ion 
source  the  ion  energies  ranging  from  some  10  keV  at  the 
input  up  to  MeV  at  the  RFQ  output.  The  covers  the  critical 
region  of  very  low  ion  velocities,  where  the  necessary 
focusing  especially  in  the  case  of  high  currents  can  only  be 
provided  with  great  dif-ficulties  in  conventional  structures. 
A  RFQ  is  a  linear  acce-lerator  structure  with  four 
quadrupole  electrodes,  in  which  an  axial  field  is  created  by 
the  geometrical  modulation  of  these  electrodes.  The 
electrical  quadrupole  focusing  is  independent  of  the  ion 
velocity,  which  leads  to  a  wide  range  of  masses  and 
energies  being  stabely  transported.  But  for  an  accelerator 
the  design  for  a  fixed  velocity  profile  is  typical,  leading  to 
fixed  input  and  output  energies  per  nucleon.  Once  the 
electrodes  are  machined,  this  profile  is  fixed  and  can  be 
changed  only  by  an  exchange  of  the  structure  or  by 
changing  the  resonant  frequen-cy,  the  latter  is  used  in  VE- 
RFQ  accelerators  [3]. 

In  a  fixed  velocity  profile  structure  all  ions  can  be 
accelerated  with  identical  particle  dynamics  for  which  the 
product  of  the  charge-to-mass  7JA  times  the  electrode 
voltage  V  can  be  kept  constant.  Limitations  on  the  highest 
applicable  electrode  voltage  V^ax  are  imposed  by  Kilpatriks 
criterion  for  sparking.  If  V^ax  is  fixed,  the  particle  dynamics 
layout  is  made  for  the  lowest  charge-to-mass  ratio  (highest 
voltage  required),  for  all  higher  values  of  Z/A  the  voltage  is 
reduced  correspondingly.  For  stable  acceleration  of  the 
ions  the  particle  velocity  and  phase  velocity  of  the 
accelerating  field  component  must  be  always  adapted  to 
each  other,  for  a  synchronous  particle  with  a  phase  (p^ 


relatively  to  the  rf  field  the  energy  gain  per  cell  is 
proportional  to  Z/A*V*  cos  (p^  with  (p^  between  0°  and  -90°. 

When  Z/A  is  now  changed  for  a  fixed  electrode  voltage, 
the  energy  gain  changes  correspondingly.  This  can  be 
compensated  by  shifting  the  particles  to  another 
synchronous  phase  but  is  limited  by  the  range  of  (p^  for 
stable  particle  motion.  Higher  values  of  Z/A  are  preferred, 
for  lower  ones  the  energy  gain  soon  becomes  to  small  and 
the  fall  out  of  the  fixed  velocity  profile  for  acceleration.  In 
the  following  results  of  calculations  for  different  cases  are 
presented  and  discussed. 

II.  BEAM  DYNAMICS  CALCULATIONS 

a)  Singly  charged  heavy  ions 

In  Heavy  Ion  Inertial  Fusion  (HIIF)  projects  high 
currents  of  single  charged  very  heavy  ions  are  considered 
for  acceleration  in  a  driver  linac  for  a  pellet  ignition 
facility  [4].  The  linac  starts  with  a  set  of  ion  sources,  RFQs 
and  RF  linacs,  the  beams  are  successively  funneled  and 
finally  accelerated  in  a  common  main  linac  [5].  To 
overcome  space  charge  limitations  in  the  driver,  Koshkarev 
[6]  proposed  to  use  ions  with  many  isotopes  for  simultanous 
acceleration  in  the  main  linac,  but  being  separately 
accelerated  in  the  beginning.  Using  negative  and  positive 
ions  the  final  merging  of  the  beams  would  lead  to 
neutralization  of  the  final  beam  in  the  target  chamber.  The 
first  concept  deals  with  a  separate  acceleration  of  each 
isotope  and  charge  state  in  an  RFQ,  which  demands  for  a 
separation  line  between  source  and  RFQ.  Therefore 
calculations  have  been  performed  for  the  case,  that  all 
different  masses  are  injected  into  the  same  RFQ.  On  ion 
proposed  is  Te  (A:  130,128,126,  125,124,123,122,120), 
which  is  similar  in  A/Z  to  an  existing  data  set  for  an  heavy 
ion  prototype  RFQ  for  [7,8]  which  accelerates  ions  from 
2.2  to  17.6  keV/u.  This  data  set  -  not  optimized  for  Te  -  was 
used  for  the  calculations.  Using  mass  130  as  design  value, 
all  lighter  isotopes  have  an  higher  input  energy  per  nucleon 
than  the  design  value  and  a  higher  charge-to-mass  ratio  too. 
Due  to  this  the  lighter  masses  change  the  synchronous 
phase  and  the  energy  spread  increases  in  comparison  to  the 
design  mass.  This  is  illustrated  in  Fig.  1,  where  the  output 
emittances  for  mass  130  and  mass  122  are  plotted,  if 
separately  accelerated  at  the  design  voltage  for  mass  130. 
The  transverse  emittance  growth  increases  from  20%  for 
130  to  50%  for  120,  the  longitudial  rms  emittance  by  a 
factor  of  6.  For  mass  122  the  transmission  is  still  81% 
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Fig.  1  b)  Output  emittances  for  isotope  122,  calculated 
with  the  voltages  for  mass  130 


Fig.  2:  Output  emittances  for  charge  state  2,  mass  130 
calculated  for  the  voltages  for  charge  state  1 


compared  to  92%  for  the  design  mass.  When  the  three 
main  isotopes  130,128  and  126  are  taken  -  calculations 
could  be  made  only  for  equal  parts  of  them,  which  is  not 
quite  correct  -  the  total  transverse  emittance  growhts  is 
30%,  the  longitudinal  emittance  is  3  times  larger  than  for 
mass  130  alone.  The  overall  transmission  is  rather  high  with 
88%.  It  still  must  be  checked,  if  the  large  emittances  can 
be  tolerated  for  the  following  linac  structures  of  the  chain, 
especially  funneling  may  not  work  in  this  case  properly. 

If  the  ion  source  also  generates  ions  with  charge  state  2, 
which  are  directly  injected,  the  output  emittances  will  be 
spoiled.  The  ions  with  A/Z  =  65  have  a  to  high  input  energy 
per  nucleon  and  are  drifting  through  the  RFQ,  well  focused 
and  with  good  transmission.  Fig.  2  shows  the  output 
emittances,  the  longitudinal  emittances  showing  a  hugh 
energy  and  phase  spread.  Drifting  of  ions  through  a  RFQ  is 
well  known  from  measurements  and  can  be  reproduced  in 
calculations  too  with  good  accuracy  [9,10]. 

b)  Highly  charged  heavy  ions 

The  new  high  charge  state  injector  of  GSI  [11]  now  in 
routine  operation  is  an  example,  where  highly  charged 
heavy  ions  are  extracted  from  an  ion  source,  e.g.  an  ECR 
source  and  accelerated  by  an  RFQ  to  an  energy  as  high  as 
300  keV/u.  The  ion  source  generates  an  charge  spectrum 
ranging  over  several  charge  states.  Normally  by  a 
separation  line  one  charge  state  is  singled  out  and  injected. 
For  very  high  charge  states  it  could  be  desirable  to 
accelerate  several  charge  states  simultameously  to 
increase  the  number  of  particles.  Here  again  the  RFQ  is 
designed  for  a  fixed  charge  to  mass  ratio,  ions  with  higher 
or  lower  charge  states  than  the  design  value  must  be 
treated  separately.  For  a  higher  charge  state  the  results  of 
beam  dynamics  calculations  are  identical  with  those  for  the 
lower  mass  isotopes  in  chapter  a):  The  input  energy  again 
is  higher  and  the  ions  change  to  another  synchronous  phase 
to  compensate  the  higher  energy  gain.  The  output 
longitudinal  output  emittances  are  shifted  in  phase  and 
show  a  higher  energy  spread  than  for  the  design  ion,  but 
stable  acceleration  takes  place  with  high  transmission.  For 
lower  charge  states  the  input  energy  is  to  low  and  the 
energy  gain  too,  which  leads  to  losses  from  particles  out  of 
the  bunches.  Finally  the  particles  are  widely  spread  in 
energy  and  phase.  This  behaviour  is  demonstrated  in  figs.  3- 
5.  In  fig.  3  output  emittances  and  distributions  are  shown  for 
the  design  charge  28  and  mass  238,  in  fig.  4  for  charge  29 
and  in  fig.  for  charge  27.  For  all  cases  the  same  transverse 
input  emittances  were  assumed. 

c)  Light  ions 

RFQs  are  also  proposed  for  the  use  in  high-energy  high- 
current  ion  implantation  for  singly  charged  N  or  O  ions  [12]. 
The  mass-to-charge  ratio  of  7  or  8  resp.  is  nearly  the  same 
as  for  the  high  charge  state  implanters.  When  looking  to  the 
results  we  can  immediately  see,  that  in  an  implanter  RFQ 
for  Oxygen  ions  can  be  captured  and  accelerated  to  the 
same  final  energy  per  nucleon.  In  an  implanter  designed  for 
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Nitrogen  ions  can  be  captured  too  but  are  only  drifting 
to  the  end.  This  is  also  true  for  any  impurity  ions  which  can 
have  a  rather  large  spectrum  of  charge-to-mass  ratios. 
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The  Ground  Test  Accelerator  (GTA)  had  the  objective 
of  producing  a  high-brightness,  high-current  H’  beam.  The 
major  accelerator  components  were  a  35  keV  injector,  a 
Radio  Frequency  Quadrupole,  an  intertank  matching 
section,  and  a  drift  tube  linac  (DTL),  consisting  of  10 
modules.  This  paper  discusses  the  phase-scan  technique 
which  was  used  to  experimentally  determine  the  rf 
operating  parameters  for  the  commissioning  and  routine 
operation  of  the  first  DTL  module. 

L  INTRODUCTION 

The  objective  of  phase-scans  is  to  experimentally  find, 
with  beam,  the  rf  operating  parameters  for  an  accelerator 
cavity  (e.g.  drift  tube  linac  (DTL)  modules  or  buncher 
cavities).  The  operating  parameters  to  be  determined  are 
the  relative  rf  cavity  (or  input  beam)  phase  and  the  rf  gap 
voltage  (or  cavity  power)  in  the  cavity.  The  rf  phase  and 
gap  voltage  can  be  obtained  from  measurements  of  the 
output  beam  longitudinal  centroids  (i.e.  energy  and  phase) 
and  their  comparison  to  theoretical  expectations  (i.e. 
simulations)[l,2,3].  Because  phase-scan  measurements  are 
intended  to  be  made  routinely  in  the  turn  on  of  an 
accelerator  (e.g.  GTA),  it  was  important  to  establish  the 
reproducibility  of  such  measurements.  The  experimental 
results  and  comparisons  to  simulations  are  presented  here. 

II.  MEASUREMENT 

The  phase-scan  technique  was  utilized  in  the  two 
commissioning  beam  periods  of  the  first  GTA  DTL  module 
(DTL-1).  A  microstrip  beam  probe  system  was  used  to 
measure  the  beam’s  longitudinal  centroids  [4,5]  as  a 
function  of  the  DTL-1  gap  voltage  and  cavity  phase.  The 
output  beam  phase  was  acquired  by  measuring  the  signal 
phase  difference  between  a  rf  cavity-field  probe  signal  and 
the  signal  from  a  microstrip  probe  downstream  of  the 
cavity.  The  beam  energy  was  obtained  by  measuring  the 
phase  difference  between  the  signals  of  two  microstrip 
probes  located  downstream  of  the  cavity  and  separated  by  a 
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know  distance.  The  phase  difference  was  converted  to  a 
time-of-flight  (TOF)  from  which  the  beam  energy  was 
calculated.  A  comparison  of  the  measured  beam  phase  and 
energy  dependence  on  the  gap  voltage  and  cavity  phase  to 
the  expected  theoretical  dependence  provides  the  signature 
for  the  determining  the  cavity’s  operating  set  points. 


Relative  Output  Beam  Phase  (deg) 

Figure  1:  Single-particle  simulations  of  the 
normalized  output  beam  energy  as  a  function  of 
the  relative  output  beam  phase  for  three  DTL-1 
gap  voltages  (Vq  is  the  design  gap  voltage).  The 
curves  are  meant  to  guide  the  eye. 

n.  SIMULATIONS 

Single-particle  simulations  using  PARMILA  provide 
the  shape  signature  for  determining  the  gap  voltage  (cavity 
power)  set  point.  In  this  procedure,  it  is  assumed  that  beam 
centroids  are  unaffected  by  space-charge  and  that  the 
longitudinal  centroid  behavior  can  be  predicted  by  single¬ 
particle  simulations.  Both  assumptions  are  reasonable  if 
the  particles  in  the  bunch  experience  forces  that  depend  on 
the  magnitude  of  their  displacement  from  the  synchronous 
particle.  Figure  1  shows  such  single-particle  simulations 
for  three  rf  fields  corresponding  to  1.05,  1.00,  and  0.90 
times  the  design  gap  voltage  Vq.  The  vertical  axis  is  the 
normalized  output  beam  energy  (actual  minus  the  design 
energy)  and  the  horizontal  axis  is  the  relative  input  beam 
phase.  The  plotted  points  for  each  rf  field  correspond  to  a 
different  input  cavity  phase.  For  a  given  cavity  field,  the 
input  phase  set  point  occurs  at  the  zero  normalized  energy. 
As  the  cavity  field  increases  the  simulations  exhibit  a 
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counterclockwise  rotation.  All  simulations  assume  the 
DTL-1  design  input  energy  of  2.50  MeV. 


Relative  Input  Beam  Phase  (deg) 

Figure  2:  Measured  normalized  output  beam 
energy  as  a  function  of  the  (a)  output  and  (b)  input 
beam  phase.  Data  are  from  Nov.  1992  and  were 
obtained  for  five  DTL  gap  voltages  (Vq  is  the 
design  gap  voltage).  The  curves  are  meant  to 
guide  the  eye. 

IV.  EXPERIMENTAL  RESULTS 

Figure  2  shows  the  measured  phase-scan  data  from  the 
Nov.  1992  commissioning  beam  period.  The  data  were 
obtained  using  an  automated  phase-scan  code  which,  for  a 
fixed  cavity  field,  systematically  varied  the  rf  input  phase 
in  uniform  steps  of  5  degrees,  starting  from  an  initial  phase 
of  -120  degrees.  Scans  were  made  for  five  rf  amplitudes 
corresponding  to  gap  voltages  that  were  0.94,  0.96,  0.98, 
1.00,  and  1.02  times  Vq.  Figure  2a  (2b)  shows  the 
normalized  output  energy  dependence  on  the  relative 
output  (input)  beam  phase.  The  solid  curves  are  meant  to 
guide  the  eye.  The  data  and  simulations  show  the  same 


counterclockwise  rotation  as  the  DTL  gap  voltage 
increases. 


Figure  3:  Measured  normalized  output  beam 
energy  as  a  function  of  the  relative  input  beam 
phase.  Data  are  from  Mar.  1993  and  were 
obtained  for  five  DTL-1  gap  voltages  (Vq  is  the 
design  gap  voltage).  The  curves  are  meant  to 
guide  the  eye. 

The  measured  phase-scan  data  from  the  Mar.  1993 
commissioning  beam  period  are  shown  in  Figure  3. 
Because  the  automated  phase  scan  code  was  unavailable, 
phase-scans  were  made  manually  (i.e.  the  rf  input  phase 
was  varied  manually  and  the  output  energy  was  recorded). 
In  this  mode  the  output  phase  was  not  determined.  To 
reduce  measurement  time,  the  input  phase  was  varied  in  10 
deg  steps  rather  than  the  5  deg  used  in  Nov.  1992.  These 
data  show  the  counterclockwise  rotation  for  decreasing 
DTL  gap  voltage  as  did  the  simulations  and  earlier  data. 

To  compare  the  Nov.  1992  and  Mar.  1993  data  sets  to 
each  other  and  to  simulations,  the  slopes  of  the  central 
linear  portions  of  the  phase-scans  were  determined.  This 
was  done  using  the  input  or  output  beam  phase  as  the 
independent  variable  in  the  phase-scans  plots.  The  slopes 
were  used  to  specify  the  orientation  of  each  scan  in  the 
output  energy  and  phase  plane.  By  comparing  the  change 
in  slopes  with  respect  to  changes  in  gap  voltage,  the  phase- 
scan  counterclockwise  rotation  was  quantified  and 
comparisons  were  made  between  data  sets  and  simulations. 

The  choice  of  points  to  be  included  in  the  linear  region 
is  somewhat  arbitrary.  In  this  case  the  choice  was  guided 
by  considerations  of  the  Mar.  1993  data  and  to  the 
sensitivity  of  the  slopes  on  the  input  phase  range  or 
output  phase  range  This  led  [6]  to  an  interval  of  A(t)jn 
=  30  deg  or  «  25  deg  being  chosen.  Since  the  output 
beam  phase  was  not  determined  for  the  Mar.  1993  beam 
period,  a  full  comparison  of  all  data  and  simulations  was 
only  possible  for  phase-scans  using  the  input  beam  phase  as 
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the  independent  variable  (see  Figs.  2b  and  3).  The  results 
are  shown  in  Fig.  4  where  the  consistency  between  data  and 
the  agreement  to  simulations  is  good.  A  similar 
comparison  between  the  Nov.  1992  data  and  simulations 
using  phase-scans  with  »  25  deg  was  equally  good. 


V/Vo 

Figure  4:  Comparison  of  the  slopes  of  the  linear 
regions  of  the  DTL-1  phase-scans  for  all  data  and 
simulations.  A  consistent  comparison  of  data  sets 
resulted  in  a  choice  of  =  30  deg.  The  line  is  a 
linear  fit  to  the  simulations. 


changing  the  phase  of  a  downstream  buncher  cavity  in  the 
Intertank  Matching  Section  (IMS)  [7].  Only  limited  energy 
variations  were  allowed  by  this  technique  (i.e.  2.50  ±  0.046 
MeV).  The  dependence  of  the  measured  DTL  output 
energy  on  input  energy  and  a  comparison  to  simulations  is 
given  in  Figure  5.  The  agreement  between  measurement 
and  expectations  is  good. 

Determination  of  the  of  the  operating  DTL  gap  voltage 
was  obtained  by  a  comparison  of  the  measured  shapes  in 
Figs.  2  and  3  to  the  expected  shapes  in  Fig.  1.  With  this 
criteria  the  experimental  V/Vq  =  1  setting  agreed  with 
simulations  to  within  1%.  This  was  independently  verified 
by  measuring  the  energy  spectrum  of  the  x-rays  generated 
within  the  DTL  cavity  in  the  absence  of  beam  [8,9]. 

V.  SUMMARY 

The  phase-scan  measurements  from  the  two  DTL-1 
commissioning  beam  periods  were  very  reproducible.  This 
was  independent  of  the  mode  in  which  the  phase-scans 
were  made  (automated  or  manual).  The  data  were  in  good 
agreement  with  single-particle  simulations. 

VI.  REFERENCES 
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Figure  5:  The  DTL-1  output  beam  energy  as  a 
function  of  the  input  beam  energy  (data  and 
simulations).  There  was  only  one  point  from  the 
Nov.  92  data  set  because  the  input  energy  was  not 
varied.  The  DTL  was  set  at  its  design  field  (i.e, 

VA^o=l). 

In  the  above  discussion,  the  DTL-1  input  energy  was 
fixed  at  its  design  value  of  2.50  MeV.  In  the  Mar.  1993 
beam  period  a  complementary  set  of  measurements  were 
made  where  the  input  beam  phase  was  held  fixed  (at  its 
experimentally  determined  set  point  of  ~  -45  deg)  and  the 
input  energy  was  varied.  This  was  accomplished  by 
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Abstract.  Many  accelerator  applications  need  a  flexible, 
rapid,  and  accurate  systems  analysis  tool  capable  of 
performing  beamline  and  subsystem  plant  optimizations.  This 
paper  describes  a  systems  code  that  has  been  developed  to 
model  ion  accelerator  systems  and  perform  design  evaluation 
and  system  level  trade  studies.  The  code  uses  a  series  of 
FORTRAN  modules  incorporated  into  a  graphical  user 
interface  (GUI)  that  constructs  the  accelerator  in  a  window  on 
a  computer  screen.  The  studies  provide  overall  systems  level 
performance  and  subsystem  requirements  within  the  context 
of  a  fully  integrated  device.  The  code  allows  for  system 
optimization  based  on  global  system  parameters,  individual 
element  parameters,  cost,  footprint,  or  other  design 
constraints.  The  code  has  been  applied  to  possible  Accelerator 
Production  of  Tritium  (APT)  and  Fusion  Materials  Irradiation 
Facility  (FMIF)  design  concepts.  Algorithms  used,  flow 
charts  showing  the  code  logic,  and  examples  of  code 
applications  will  be  given. 

I.  INTRODUCTION 

System  complexity,  coupled  with  the  large  capital  and 
operating  costs  of  the  Accelerator  Driven  Tranmutation 
Technology  (ADTT)  accelerator  facilities,  makes  optimization 
with  respect  to  life  cycle,  reliability  and  maitainablility,  and 
capital  cost  essential.  This  paper  describes  a  systems  code  the 
authors  have  been  developing  to  model  ion  accelerator 
systems  for  design  evaluation  and  for  system  level  trade 
studies.  The  code  uses  a  series  of  FORTRAN  modules 
incorporated  into  a  graphical  user  interface  (GUI)  to  provide 
for  the  "construction"  of  the  accelerator  in  a  window  on  the 
computer  screen.  Three  sets  of  input  information,  global 
parameters,  element  parameters,  and  user  preferences  are 
utilized  by  the  code.  Relevant  accelerator,  beam  transport 
models,  and  engineering  models  from  earlier  systems  codes 
and  other  work  have  been  adapted  and  developed  within  this 
framework.  Separate  accelerator  and  engineering  routines  are 
provided  for  each  accelerator  element.  Each  accelerating 
module  has  been  provided  with  the  capability  of  generating 
complete  tank  and  cell  designs  based  on  a  set  of  pre-selected 
geometrical  and  /  or  engineering  parameters.  In  addition  to 
tracking  the  beam  and  generating  /  evaluating  the  physics 
design,  the  code  provides  a  complete  set  of  engineering 
parameters  and  preliminary  costing  for  the  construction  of  the 
accelerator.  The  paper  presents  the  algorithms  used  and  the 


results  obtained  for  the  Los  Alamos  APT  design. 

Due  to  its  elegance  and  ease  of  use,  the  Accelerator 
Systems  Model  (ASM)l  initially  developed  by  G.  H.  Gillespie 
Associates  (GHGA)  was  chosen  to  provide  the  framework  for 
the  code.  Section  2  discusses  the  overall  structure  of  the 
ASM  code,  and  briefly  describes  a  few  Grumman  component 
models  presently  available  within  the  framework.  Section  3 
illustrates  the  application  of  these  models  to  the  Los  Alamos 
APT  design.  Finally,  in  section  4,  we  present  our  conclusions 
and  future  plans. 

II.  ACCELERATOR  MODEL  SUMMARY 

The  goals  set  for  the  code  were:  to  provide  a  comprehensive 
tool  for  design  and  analysis  of  accelerator  systems;  to  treat  the 
engineering  requirements  of  accelerator  design  on  a  basis 
comparable  to  the  beam  physics;  to  develop  a  basis  for  the 
bridging  of  different  levels  of  accelerator  modeling  (CAD, 
analytic,  envelope,  particles);  to  reduce  the  time  required  for 
component  /  system  trade  studies;  shorten  training  time  for 
new  engineers  and  scientists;  and  be  accessible  to  non¬ 
specialists.  The  code  has  capitalized  extensively  on  existing 
software.  Prior  ASM  focus  has  been  on  accelerator  and  beam 
transport  physics  models,  and  the  GUI  I/O  (Input/Output) 
structure.  Simultaneously,  a  Grumman  systems  code, 
ABSOC^  (Accelerator  Based  Systems  Optimization  Code), 
had  evolved  to  feature  fairly  complex  engineering  models  of 
the  beamline  systems  with  less  emphasis  on  beamline  physics 
models.  The  first  step  was  therefore  to  incorporate  the  best  of 
the  ABSOC  engineering  and  certain  useful  physics  models 
within  ASM.  Thereafter,  we  began  the  development  of  those 
new  models  required  to  com-plete  the  beamline  systems 
evaluation.  A  modular  approach  has  been  used  for  the  code 
with  each  major  component  described  by  a  group  of 
FORTRAN  subroutines.  The  subroutines  are  called 
iteratively,  based  on  the  sequence  of  components  set  up  by  the 
user  on,  and  controlled  by,  the  GUI  side  of  the  code.  A 
common  I/O  structure  is  maintained  for  the  modules  allowing 
complete  interchang-ability.  Critical  physics  and  engineering 
parameters  are  assigned  to  vectors  which  are  tracked  and 

t  This  work  is  supported  by  the  Northrop  Grumman  Corp., 
Los  Alamos  National  Laboratory  (DOE  contract  W-7405-Eng- 
36),  and  G.H.  Gillespie  Associates  (LANL  contract 
9119K0014-9Q). 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1164 


re  1 
’/  1 

UvriTank  1 

'^Ungth  "j 

j  dDriflTubei  | 

1  1 

'Envelope' 

j  dEttdwaOt  1 

1  SPoet  Couplen  [ 

<  &pl  > 

\ntdiuti  1 

iV  «  1  »KFDrive  loope  | 
\»EaitTunert  \ 

\radius2  \ 

i  ^Variable  Tiwm! 

\Conf  j 

j  ^Support  Tablet  j 

U,  J 

J 

UlonPnn^  -) 

Beam  Vector 

Enginooring  Vector 

inventory  Vector 

WThTank  I 

UiriftTuhet  | 

SEHdwdb 
,  CaupUn  I 
\%ttP DrlieLiHip*  \ 


\%VaHabbTKHtrt\ 
^  SSupport  TobUt  I 
j  $loH  Pumpt 


I  WkttBtmeoiu 

lyrokd 
Cant  Vector 


'  iBaumlint  &  Suppc 

(Systwn  Inventory  Vecton  ^  !" Syniera  Ijiyout  Vector?  |  ViolaBetof  FUatt 

ICompticd  Ibt  oraOmtem  I  „  Coniplka  parametcn  sCV  -■=  Mfateriaft 

Lnembtlea.  J  ^  ^SPowtr 


System  inventory 


System  Layout 


System  Cost 


^.Unfftk 
I  Envelope 
j  Power  In 

J  Efficiency 
\AviaitAUty 
I  Hardware  Cotf  I 
^-OperaEngCoet  -I 

System  Enginerring 


Figure  1:  ASM  Vectors 

updated  from  element  to  element.  Figure  1  shows  a 
sampling  of  these  vectors.  Within  each  element,  the  beam  is 
represented  by  two  vectors,  the  Beam  Vector  {BV}  and  the 
Engineering  Vector  {EV}  which  represent  the  state  of  the 
beam  and  accelerator  at  that  point.  Each  module  generates  a 
B  V  and  an  EV  as  its  primary  output.  In  the  Beam  Vector: 
E  is  the  beam  energy;  I,  the  current;  <x^>,  the  rms  transverse 
size;  cAp^,  the  square  of  the  momentum  dispersion;  and  a 
and  e,  the  Twiss  alpha  and  beam  emittance.  In  the 
Engineering  Vector:  L  is  the  device  length;  V,  the  device 
volume;  M,  the  device  mass;  P,  the  device  power;  x  and  y,  the 
device  maximum  horizontal  and  vertical  dimension;  Conf,  a 
confidence  factor  for  the  device  as  modeled;  and  Cost,  an 
estimate  for  the  device  cost.  Internally  within  the  accelerator 
component  models,  the  design  is  based  on  a  cell  by  cell 
determination  of  the  device.  The  cell  and  tank  parameters 
thus  calculated  are  read  to  off-line  arrays  for  archival  purposes 
and  for  use  in  the  engineering  portions  of  the  model. 
Secondary  vectors  which  count  and  cost  elements  within  the 
device  are  calculated  from  the  arrays. 

In  addition  to  the  individual  element  parameters,  there  are 
ten  user  global  parameters  available  in  ASM.  These  are: 
Charge;  Mass,  Final  Energy,  Final  Current  goal;  Fundamental 
Frequency;  duty  factor;  operating  time;  temperature  regime; 
Magnetic  Quadrupole  material;  and  Structural  material. 
These  parameters  are  available  in  the  parameter  window 
associated  with  the  accelerator  building.  The  first  seven  are 
numerical  inputs  and  the  final  three  have  a  finite  set  of 
choices.  The  code  provides  flexibility  in  the  design  of  each  of 
the  elements  by  allowing  different  definitions.  One  such 
example  is  the  provision  for  a  beam  {Glo»  CTjo}  ^ 
description  {Eacc,  Bpt  or  Bgrad}of  each  of  the  accelerator 
components.  The  phase  advances  of  the  beam  definition  may 
be  input  in  the  device  parameter  window  or  derived  from  the 
previous  element  with  a  Matching  Section  element. 
Similarly,  the  lattice  structure  of  each  device  {DTL,  BC-DTL, 
CC-DTL,  CCL,  and  SCL}  may  be  input  or  derived  from  the 
phase  advance  per  unit  length  of  the  previous  element.  When 
derived  within  the  matching  section  element,  the  lattice 


structure  is  obtained  by:  using  the  maximum  pole  tip  field 
allowed  and  calculating  the  minimum  length  magnet  that  will 
fit  within  the  size  constraints  of  the  following  element  to 
determine  the  minimum  intertank  spacing;  and  requesting  the 
maximum  number  of  accelerating  cells  while  maintaining 
beam  stability.  Tanking  within  each  device,  may  be  specified 
as  specific  energy  values,  or  calculated  by  requiring  equal 
beam  energy  gains,  power  dissipation,  cell  number,  or  tank 
lengths.  Inter  tanks  spacings  may  be  derived  from  the 
matching  section,  specified  lengths,  or  specified  multiples  of 
the  local  cell  length. 

In  both  the  DTL  and  BCDTL  routines,  the  beam  is 
characterized  by  the  synchronous  particle  and  the  cell  lengths 
are  calculated  firom  the  local  beta.  These  calculations  are 
relatively  straightforward.  CCL  tanks  are  characterized  by 
the  parameters  of  the  particle  at  the  beam  center  in  the  tank 
center  (cell  lengths  calculated  from  the  tank  average  beta). 
Magnetic  and  cell  lattice  values  for  the  BCDTL  and  CCL  may 
by  entered  as  input  parameters  or  derived  beam  matching 
requirements. 


Figure  2:  Graphical  User  Interface 

The  GUI  for  the  ATW  reference  design  is  shown  in  Figure  2. 
The  window  is  divided  into  two  sections,  a  work  space  in 
which  the  global  parameters  are  entered  and  a  model  space  in 
which  the  accelerator  is  built.  The  accelerator  elements  are 
obtained  by  dragging  them  from  the  pallet  bar  on  the  left. 
Element  parameters  may  be  entered  into  individual  windows 
for  each  of  the  elements.  Three  element  parameter  windows 
are  shown  superimposed  upon  the  model  space.  These 
windows  are  opened  by  pointing  and  double  clicking  on  the 
element.  The  accelerator  is  designed  in  the  GUI  model 
space.  The  element  parameters  along  with  the  analysis, 
lattice,  and  tanking  methods  are  entered  using  the  element 
windows.  The  program  is  then  started  through  a  pull  down 
menu.  The  code  initializes  all  parameter  arrays  and  steps 
through  the  modeling  and  optimizing  of  each  element. 
Calculated  parameters  for  each  cell  of  each  accelerating 
cavity  are  stored  in  arrays  such  as:  DTLValues(Itank,  Icell, 
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Airay).  Itank  refers  to  the  DTL  tank  number.  Icell  refers  to 
the  cell  number  within  the  tank.  Array  refers  to  the  value 
being  saved.  The  current  APT  configuration  calls  for  342 
tanks  and  thus  could  impose  severe  memory  problems  if 
maintained  internally.  To  control  the  sizes  of  these  arrays,  we 
presently  store  the  results  in  binary  files  each  time  the 
maximum  for  any  array  index  is  reached.  The  code 
architecture  is  shown  in  figure  3. 


a  ramp  of  500  cm  for  phase  and  electric  fields,  the  code 
yielded  a  DTL  consisting  of  3  tanks  of  23,  20,  and  16  cells. 
This  is  within  1  cell  of  the  actual  design.  The  DTL  total 
length  was  8.1  m  long  («  1%  longer  than  the  design;  had  a 
total  power  dissipation  of  2.3  MW  («6%  low)  and  an  output 
phase  advance  of  72.7°.  These  results  are  in  excellent 
agreement  with  the  published  results.  The  differences  are 
easily  attributable  to  the  ramp  length  and  cylinder  size.  The 


present  BCDTL  module  yields  an  estimate  for  the  length 
within  2%  and  the  total  code  yields  an  estimate  for  the  entire 
system  within  1.5% 


Figure  5 
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in  addition  to  generating  the  beamline  design,  the  code 
evaluates  it  based  on  physics  and  engineering  desires.  This 
evaluation  has  been  included  on  both  the  beam  and 
engineering  vector  level  and  on  the  device  level.  Automatic 
iteration  has  been  included  for  the  beam  and  engineering 
parameters  and  trade  studies  based  on  these  elements  are 
presently  underway.  On  the  device  level,  the  code  determines 
the  availability  of  required  components  for  each  design.  One 
example  of  this  is  for  RF  power  sources.  An  extensive  data 
base  of  tube  characteristics  has  been  provided  in  the  code  to 
determine  the  most  efficient  manner  to  provide  power  to  each 
accelerating  tank.  Figure  4  illustrates  the  engineering 
modeling  objectives  of  the  code. 

Modeling  Objectives 

•  Model  ail  major 
components  of  each 
beam  line  element 

•  Model  all  major 
support  system 
interfaces 

•  Provide  data  useful 
to  detailed  design 
codes 

•  Provide  inventory  & 
unit  costs  for  major 
components 


*  Provide  reliability  & 
performance  data 

Figure  4.  Beamline  Modeling  Objectives 

3.  APT  DESIGN 

Many  of  these  models  are  already  yielding  good 
agreement  with  the  baseline  APT  design  (Figure  5).  For 
instance,  using  the  equal  length  option  set  at  250  cm  and  using 


4.  CONCLUSIONS 

The  immediate  goal  is  to  provide  a  code  capable  of 
realistic  trade  off  studies.  To  completely  provide  this,  we  still 
need  to  add  some  transport  models.  Additionally,  we  need  to 
totally  integrate  the  models  for  systems  engineering,  reliability 
and  maintainability;  improve  the  internal  engineering,  physics 
and  costing  models  and  complete  the  interfaces  with  the 
external  existing  facility  optimization  model  and  the  new 
target  /  blanket  model.  New  component  models,  such  as  for 
the  HILBE.AC  accelerator,  will  be  added  in  the  future. 

Although  not  complete,  the  code  does  provide  a  useful 
and  powerful  tool  for  the  design  and  evaluation  of  future 
beamlines.  Physics  and  engineering  models  for  most 
components  of  interest  have  been  implemented  and  bench- 
marked  against  the  existing  concepts  and  the  code  is  presently 
being  used  to  provide  trade  studies  for  the  IFMIF  project. 
Continued  collaboration  with  GHGA  and  Los  Alamos  based 
on  this  work  is  planned 
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Figure  1 .  Schematic  diagram  of  IMS 
Abstract 

The  Inteitank  Matching  Section  (IMS)  of  the  Ground  Test 
Accelerator  (GTA)  contains  four  variable-field  quadmpoles 
(VFQs)  and  is  designed  to  match  beam  exiting  the  Radio- 
Frequency  Quadrupole  to  the  first  tank  of  the  Drift-tube  LINAC 
(DTL-1).  By  varying  the  VFQ  field  strengths  to  create  a  range  of 
beam  mismatches  at  the  entrance  to  DTL-1,  one  can  test  the  sen¬ 
sitivity  of  the  DTL-1  output  beam  to  variations  in  the  DTL-1  in¬ 
put  beam.  Experimental  studies  made  during  commissioning  of 
the  GTA  indicate  an  unexpected  result:  the  beam  exiting  DTL-1 
shows  little  variation  for  a  range  of  mismatches  produced  at  the 
entrance.  Results  of  the  experiment  and  simulation  studies  are 
presented. 

L  INTRODUCTION 

The  Ground  Test  Accelerator  [1]  at  Los  Alamos  is  a  linac  that 
was  designed  to  produce  an  accelerated  beam  of  high  in¬ 
tensity.  Initial  commissioning  tests  on  the  first  Drift-Tube  Linac 
section  (DTL-1)  of  the  accelerator  produced  a  beam  with  an  en¬ 
ergy  of  3.2  MeV.  The  configuration  of  the  accelerator  preceding 
DTL-1  included  a  source  followed  by:  an  injector,  a  low-energy 
beam  transport  section  (LEBT),  a  Radio-Frequency  Quadrupole 
(RFQ),  and  an  Intertank  Matching  Section  (IMS) .  The  IMS  (see 
fig.l)  included  4  Variable-Field  Quadrupoles  (VFQs)  and  2  lon¬ 
gitudinal  bunchers  (IMSA  and  IMSB)  for  the  purpose  of  match¬ 
ing  the  beam  exiting  the  RFQ  to  the  entrance  of  DTL- 1 
An  experiment  (DTL-1  Experiment)  was  conducted  to  pro¬ 
duce  a  wide  variety  of  beam  configurations  at  the  entrance  to 
DTL-1.  The  purpose  was  to  see  how  the  transmission  and 
Courant-Snyder  parameters  of  the  transmitted  beam  would  be 
affected  by  changes  in  mismatch  at  the  entrance  to  DTL-1.  The 

*Work  supported  and  funded  by  the  US  Department  of  Defense,  Army  Strate¬ 
gic  Defense  Command,  under  the  auspices  of  the  US  Department  of  Energy, 
t  Industrial  partner,  Grumman  Corporation. 


Table  I 

Courant-Snyder  (C-S)  parameters  for  input  beam  at  simulation 
starting  point.  and  /Sy  are  in  units  of  mm/mr.  is  in 
deg-keV. 


ax 

Py 

az 

-5.4196 

.66466 

.24527 

.06301 

.08726 

.86140 

beam  was  changed  at  the  DTL-1  entrance  by  using  different 
tunes  of  the  VFQs  contained  in  the  IMS.  The  experiment  showed 
surprisingly  small  changes  in  the  beam  exiting  DTL-1  in  spite 
of  what  were  believed  to  be  large  changes  in  the  mismatch  of 
the  beam  entering  DTL-1 . 

These  observed  changes  at  the  DTL-1  output  were  much 
smaller  than  are  predicted  by  the  beam  transport  codes 
TRACE3D  [2]  andPARMILA  [3].  A  possible  explanation  was 
that  the  mismatch  of  the  beam  at  the  DTL-1  entrance  was  not 
changing  by  the  amount  originally  believed.  An  experiment 
(IMS  experiment),  therefore,  was  conducted  with  DTL-1  re¬ 
placed  by  a  diagnostics  station  located  just  downstream  of  the 
IMS,  in  order  to  study  characteristics  of  the  beam  exiting  the 
IMS. 

IL  INRUT  BEAM  AND  MATCHED  BEAM 

Simulation  work  calculated  Courant-Snyder  parameters  for 
comparison  with  measured  values.  We  began  all  simulations  at 
a  starting  point  located  immediately  upstream  of  the  IMS.  In  the 
case  of  GTA,  the  IMS  was  positioned  adjacent  to  the  RFQ,  and 
there  was  not  room  to  place  a  diagnostic  station  between  them  to 
give  a  direct  measurement  of  beam  characteristics  at  this  start¬ 
ing  point.  Our  best  estimate  of  the  beam  characteristics  at  the 
RFQ  exit,  therefore,  came  from  emittance-scan  measurements 
taken  in  the  IMS  experiment  that  replaced  the  DTL-1  tank  with  a 
beam-diagnostics  station  (ESS)  located  downstream  of  the  IMS 
across  a  drift  space.  TRACE3D  code  was  applied  to  these  mea¬ 
surements  to  back-trace  the  beam  across  the  drift  space  to  the 
desired  simulation  starting  point.  The  Courant-Snyder  parame¬ 
ters  for  the  starting-point  input  beam  are  presented  in  Table  I. 

The  characteristics  for  the  beam  matched  to  the  DTL-1  at  its 
entrance  were  determined  [4]  by  using  TRACE3D  to  match  to 
the  7th  focusing  period  of  the  DTL- 1 .  This  beam  was  then  back- 
transported  using  TRACE3D  to  determine  its  Courant-Snyder 
parameters  at  the  DTL-1  entrance.  Those  Courant-Snyder  pa¬ 
rameters  are  presented  in  Table  II. 

III.  EXRERIMENT  DTL-1  TUNES 

A  particular  configuration  of  field  settings  for  the  VFQs  of 
the  IMS  constitutes  what  is  called  a  “tune”  of  the  IMS.  In  the 
DTL-1  Experiment,  the  IMS  was  set  to  a  variety  of  tunes  that,  in 
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Table  H 

Courant-Snyder  parameters  of  matched  beam  at  input  to 
DTL-1.  Px  and  are  in  units  of  mm/mr.  fiz  is  in  deg-keV. 


OLx 

/?x 

ay 

OCz 

Pz 

-2.3258 

.2015 

1.2949 

.0862 

-0.1892 

.2665 

Table  HI 

Variable-field  quadrupole  field  strengths  (GL)  and  x  mismatch 
factors  (see  ref.  [5])  at  the  DTL-1  entrance  for  the  tunes  used  in 
the  DTL-1  Experiment.  Field  strengths  are  given  in  Tesla. 


Tune 

VFQ2 

(T) 

VFQ3 

(T) 

VFQ5 

(T) 

VFQ6 

(T) 

mmfx 

Rl 

5.583 

4.884 

6.288 

6.136 

.19 

R2 

4.830 

5.635 

5.667 

6.174 

1.00 

R3 

3.864 

5.635 

5.635 

4.830 

1.20 

R4 

3.542 

5.635 

5.474 

4.693 

1.44 

R5 

4.347 

5.635 

4.959 

5.831 

1.83 

R6 

6.054 

2.898 

3.474 

2.840 

2.99 

R12 

5.583 

4.884 

6.288 

6.136 

0.39 

OLD 

4.954 

4.674 

5.644 

5.892 

0.91 

simulations,  were  predicted  to  give  a  matched  beam  as  well  as 
a  wide  range  of  mismatch  factors  (mm/s)  [5].  Field  values  for 
these  tunes  are  given  in  Table  III.  For  all  tunes  except  OLD,  the 
longitudinal  bunchers  IMS  A  and  IMSB  operated  at  power  levels 
of  1.58  and  6.75  kW  respectively.  In  the  OLD  tune,  buncher 
powers  were  4.34  kW  and  16.70  kW. 

Simulation-determined  mismatches  at  the  entrance  to  the 
DTL-1  were  calculated  by  using  TRACE3D  to  transport  the 
input  beam  of  Table  I  from  the  exit  of  the  RFQ  through  the 
IMS.  The  intended  range  of  simulation-determined  mismatch 
factors  (relative  to  matched  beam)  was  fi:om  mmfx  =  .2  to 
mmfx  =  3.0  in  x.  However,  in  the  actual  experiment  the  mis¬ 
match  of  mmf  =  3.0  (tune  R6)  could  not  be  run  because  it 
resulted  in  fast  protects  that  shut  off  the  beam. 

IV.  MISMATCH  AT  THE  DTL-1  ENTRANCE 

For  each  tune  of  DTL-1  Experiment,  Table  III  also  presents 
the  calculated  mismatch  value  (relative  to  matched  beam)  of 
beam  entering  the  DTL-1.  These  values  were  derived  by  us¬ 
ing  TRACE3D  to  propagate  the  input  beam  of  Table  I  through 
the  IMS.  We  modeled  the  SMQs  in  the  IMS  with  soft-edged 
fringe  fields.  We  know  from  TOSCA  field  calculations  [6]  that 
the  soft-edged  model  corresponds  closer  to  what  physically  ex¬ 
ists,  and  steering-model  studies  [7]  indicate  that  the  soft-edged 
model  provides  better  agreement  between  simulation  and  mea¬ 
surements.  At  the  DTL-1  entrance,  the  range  of  mismatch  val¬ 
ues  occurring  during  the  DTL-1  Experiment  is  computed  to  be 
in  the  range  of  mmf  =  .19  to  mmf  =  1.83. 

V  MEASURED  VS.  SIMULATION 

For  the  DTL-1  Experiment,  we  have  compared  output-beam 
mm/s  from  experimental  measurements  with  those  calculated 
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Figure  2.  Dependence  of  mismatch  at  DTL-1  exit  on  mismatch 
at  DTL-1  entrance. 

from  simulation.  This  comparison  was  performed  at  the  DTL-1 
exit.  All  mismatch  factors  were  calculated  relative  to  matched 
beam  parameters.  Comparisons  were  made  for  all  the  different 
IMS  tunes  which  were  used  in  the  DTL-1  Experiment. 

All  experimentally-determined  mismatch  factors  are  based 
on  Courant-Snyder  parameters  measured  at  the  ES6  location. 
Experimentally-determined  mm/s  cited  at  the  DTL-1  exit  were 
calculated  by  back-tracing  ES6-measured  parameters  over  a 
drift  space  to  the  DTL-1 -exit  location.  Simulation-determined 
mismatch  factors  were  calculated  using  TRACE3D  to  trans¬ 
port  beam  from  the  RFQ  exit  to  the  DTL-1  entrance,  and  then 
TRACE3D  and  PARMILA  were  used  independently  to  transport 
the  beam  through  DTL-1  to  the  DTL-1 -exit. 

The  predicted  mismatches  for  tunes  R1-R5,  R12,  and  “OLD 
tune”  are  presented  in  figure  2.  The  spread  in  simulation- 
determined  mismatches  at  the  DTL-1  exit  does  not  differ  greatly 
from  the  spread  at  the  DTL-1  entrance.  Hie  smallest  mis¬ 
matches  occur  for  Rl,  the  tune  that  is  predicted  to  provide 
matched  beam.  The  largest  mismatches  occur  for  tune  R5,  and 
are  approximately  10  times  larger  than  those  for  matched  beam. 
The  average  mismatch  for  non-matched  tunes  is  mmfx  =  1.19. 

Figure  2  shows  that  both  the  predicted  mismatch  values  cal¬ 
culated  by  TRACE3D  and  those  calculated  by  PARMILA  show 
a  similar  dependence  on  input  mismatch  values.  In  contrast,  the 
actual  DTL-1  measured  values  shown  in  figure  2  are  insensitive 
to  input  mismatch.  For  tunes  other  than  the  matched  tune,  the 
measured  mismatches  are  at  least  a  factor  of  10  smaller  than  the 
predicted  values.  Taken  at  face  value,  the  data  indicates  that  the 
DTL-1  produces  an  output  beam  with  constant  Courant-Snyder 
parameters  regardless  of  the  mismatch  of  the  beam  input  to  the 
DTL-1. 

The  lack  of  change  in  output  beams  might  be  thought  to  in¬ 
dicate  a  problem  with  the  system  controlling  the  VFQ  settings. 
For  instance,  if  some  failure  caused  VFQ  fields  to  not  be  var¬ 
ied,  then  the  input  beam  to  the  DTL-1  would  not  have  changed. 
Archived  data  show  that  the  magnet  encoder  values  were  chang¬ 
ing  for  the  various  tune  changes.  The  way  the  magnet  control 
system  operates  also  strongly  suggests  that  the  magnet  fields 
must  have  varied  as  requested  or  else  warning  messages  would 
have  been  detected.  In  addition,  when  we  attempted  to  run  at 
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mmfx  (simulation) 

Figure  3.  Dependence  of  IMS  experiment  mismatches 

the  R6  tune  which  is  predicted  to  give  a  mismatch  of  3.0  at  the 
DTL-1  entrance,  we  were  unable  to  run  because  of  fast  protects. 
So  in  that  particular  case  it  seems  obvious  that  the  VFQ’s  fields 
were  being  changed  and  that  the  change  was  such  that  the  resul¬ 
tant  beam  was  scraping  enough  to  set  off  the  fast  protects. 

VI.  IMS  EXPERIMENT 

If  the  VFQs  were  being  properly  varied  in  the  DTL-1  Exper¬ 
iment,  then  what  can  explain  the  constancy  of  the  beam  at  the 
DTL-1  output?  One  possibility  is  that  the  different  IMS  tunes 
do  not  produce  the  wide  range  of  mismatches,  at  the  entrance 
to  the  DTL-1,  that  are  predicted  by  simulation.  Unfortunately, 
when  the  DTL-1  was  in  place,  space  limitations  prohibited  the 
slit  and  collector  diagnostic  at  the  IMS  exit  from  being  installed, 
thus  eliminating  our  ability  to  directly  measure  beam  character¬ 
istics  at  the  DTL-1  entrance. 

To  study  whether  parameters  at  the  DTL-1  entrance  were 
changing  for  different  IMS  tunes,  we  performed  the  IMS  Ex¬ 
periment.  During  this  experiment,  DTL-1  was  replaced  by  a  di¬ 
agnostics  station,  and  transverse-emittance  scans  were  made  at 
the  ESS  location  369.1  cm  downstream  of  the  IMS  endwall.  The 
location  point  for  the  DTL-1  entrance  in  th  DTL-1  Experiment 
had  been  35.0  cm  downstream  of  the  IMS  endwall.  In  the  IMS 
Experiment,  these  two  locations  were  separated  by  drift  space 
only.  Figure  3  presents  a  comparison  of  simulation-based  and 
measured  Courant-Snyder  parameters  for  the  IMS  Experiment 
at  the  ESS  location.  Uncertainties  are  given  for  the  measured 
values  based  on  the  actual  spread  of  repeated  measurements. 

Measured  mismatch  values  presented  in  figure  3  track 
simulation-determined  values  for  all  3  tunes  tested.  Since  the 
maximum  mismatch  at  the  DTL-1  entrance  is  only  on  the  order 
of  mmf  =  1.0,  one  might  ask  whether  this  more  limited  vari¬ 
ation  could  have  resulted  in  the  highly  similar  beams  observed 
in  the  DTL-1  Experiment.  To  answer  this  question,  simulation 
codes  were  used  to  transport  the  as  and  13s  of  figure  3  through 
the  DTL-1  to  ES6.  The  mismatches  based  on  the  extrapolation 
of  IMS-experiment  data  are  larger  than  those  observed  in  the 
DTL-1  Experiment. 


VII.  CONCLUSIONS 

Matching  studies  in  the  DTL-1  experiment  were  designed  to 
test  the  effect  of  mismatches  at  the  entrance  to  the  DTL-1  on 
beams  exiting  the  DTL-1.  When  the  experiment  was  performed, 
the  observed  results  gave  an  unexpected  result:  that  the  beam 
exiting  the  DTL-1  showed  little  variation  for  the  different  mis¬ 
matches  produced  at  the  entrance.  Simulations  show  that  the 
variation  in  input  beams  should  have  produced  a  larger  variation 
in  output  beams  than  was  observed.  A  possible  explanation  is 
that  the  DTL  affects  the  beam  in  some  way  so  as  to  produce  the 
same  output  beam  independent  of  input  beam. 
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ABSTRACT 

In  the  conventional  design  of  rf  linear  accelerators  the 
charged  particle  bunches  are  not  in  thermal  equilibrium.  With 
high  currents,  space  charge  couples  the  transverse  and 
longitudinal  self  forces,  leading  to  emittance  growth  and  halo 
formation  as  the  beam  relaxes  toward  an  equipartitioned  state. 
Particle  losses  to  the  walls  can  occur  as  a  result  of  halo 
formation  and  also  through  the  natural  tail  on  the  equilibrium 
distribution.  Particle  losses  due  to  either  a  halo  or  a  tail  can 
cause  radioactivity  in  the  conducting  channel,  inhibiting  routine 
maintenance.  The  properties  of  the  beam  are  described  in  a  new 
design  for  rf  linacs  in  which  the  beam  is  kept  in  thermal 
equilibrium,  and  the  current  loss  rate  is  found  for  the  tail  on  the 
thermal  equilibrium  distribution. 


IL  ANRFLINACWITHABEAM 
IN  THERMAL  EQUILIBRIUM 

The  transverse  and  longitudinal  evolution  of  a  bunched 
beam  is  described  by  the  coupled  envelope  equations  [1,8].  An 
equipartitioned  beam  has  equal  transverse  and  longitudinal 
temperatures,  T^=T||.  This  is  equivalent  to  in 

which  e„z=5''"zjY%T||/mc^)'“  are 

the  transverse  and  longitudinal  normalized  emittances,  r^^^  is  the 
peak  radius  and  is  the  half-length,  both  of  the  equivalent 
uniform  ellipsoid.  The  stationary  coupled  envelope  equations 
with  the  equipartitioning  condition  are  [8] 
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I.  INTRODUCTION 

Many  advanced  applications  of  rf  linear  accelerators,  such 
as  injector  linacs  for  high-energy  physics  colliders,  spallation 
neutron  sources,  transmutation  of  radioactive  nuclear  waste, 
heavy  ion  inertial  fusion  and  free  electron  lasers,  require  high 
beam  currents  in  which  space  charge  forces  play  a  dominant 
role  in  the  particle  motion.  In  the  conventional  design  of  such 
linacs  the  bunched  beams  are  not  in  thermal  equilibrium  [1]. 
Space  charge  couples  the  longitudinal  and  transverse  forces, 
driving  the  beam  toward  an  equilibrium  state,  causing  emittance 
growth  and  halo  formation  [2-4].  Halos  are  of  particular 
concern  in  linacs  with  high  average  power,  in  which  particle 
losses  as  low  as  1  nA/m  have  been  predicted  to  result  in  nuclear 
activation,  preventing  routine  maintenance  [5].  Simulations 
using  on  the  order  of  10^  particles  are  of  little  use  in  predicting 
such  a  small  halo  or  tail,  which  corresponds  to  fractional  particle 
losses  of  around  10"^  per  meter.  Halos  have  been  observed  in 
existing  high-current  linacs  like  LAMPF  [6]  and  in  experiments 
at  the  University  of  Maryland  [7].  The  beam  parameters  are 
described  here  for  a  linear  accelerator  in  which  the  beam  is  kept 
in  thermal  equilibrium,  minimizing  emittance  growth  and  halo 
formation.  When  space  charge  dominates,  each  bunch  has  a 
uniform  density  profile  with  a  sharp  boundary.  When  emittance 
is  significant,  the  thermal  equilibrium  distribution  has  a  tail 
which  can  result  in  current  losses.  Equations  are  derived  and 
results  are  presented  for  the  current  losses  from  the  thermal 
equilibrium  distribution,  in  which  the  beam  is  axially  centered 
in  a  cylindrical  conducting  pipe.  This  represents  a  best-case 
scenario,  since  deviations  from  equilibrium  due  to  mismatch 
and  misalignments  add  to  the  particle  losses  through  emittance 
growth  and  halo  formation.  The  particle  losses  from  a  beam 
which  is  kept  in  thermal  equilibrium,  however,  will  always  be 
less  than  in  the  conventional  linac  design,  in  which 
equipartitioning  adds  to  the  emittance  growth  and  halo 
formation. 


and 
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where  ^zo  transverse  and  longitudinal  focusing 

wave  numbers,  N  is  the  number  of  particles  in  the  bunch, 
r^=qV(47T:eQmc^)  is  the  classical  particle  radius  and  P  and  y  are 
the  relativistic  velocity  and  energy  factors.  It  is  assumed  that 
the  bunch  aspect  ratio  in  the  beam  frame,  yz^/r^,  satisfies 
0J<yzjT^<4,  Equations  (1)  and  (2)  are  both  of  the  same  form 
as  a  fourth  order  polynomial  for  which  a  simple  approximate 
solution  was  found  [9].  Using  this  solution,  the  stationary 
bunch  radius  and  half-length  are  [8] 
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With  the  equipartitioning  condition  substituted  into  the 
coupled  envelope  equations,  the  ratio  between  the  transverse 
and  longitudinal  focusing  wave  constants  becomes  [8] 
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1/2 


where  is  the  intensity  parameter.  This  relation 

between  ^n/^nx  plotted  in  Figure  1  for  several 

values  of  the  intensity  parameter.  The  traditional  method  of 
allowing  k^o/k^o  to  increase  in  proportion  to  increases 

the  temperature  anisotropy  and  the  aspect  ratio  (yzjr^)  during 
acceleration  and  is  responsible  for  the  equipartitioning  effect 
and  the  associated  emittance  growth  in  conventional  high- 
current  linacs  [1,8].  An  example  of  a  linac  which  uses  these 
results  has  been  given  elsewhere  [8]. 
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where  is  the  average  beam  current  =  I,  the  continuous 
current,  for  unbunched  beams). 

Equation  (7)  can  be  written  in  terms  of  the  normalized 
transverse  emittance  and  rms  radius  for  bunched  and  unbunched 
beams.  For  unbunched  beams  the  normalized  transverse 
emittance  is  enx=2^^^a(YkBT^/mc^)^^^  and  the  current  is 
I=qno7i;a\o,  where  nQ  is  the  density  of  the  equivalent  uniform 
beam,  and  a  =  is  the  radius  of  the  equivalent  uniform  beam. 
The  fractional  p^cle  loss  per  unit  length  along  the  channel  for 
continuous  (unbunched)  beams  is  then 


For  bunched  beams  the  average  current  is  l3yg=qNV(/Az, 
where  N  is  the  total  number  of  particles  in  each  bunch.  The 
resulting  fractional  loss  per  unit  length  is  [10]  ^ 
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Figure  1:  The  ratio  of  the  focusing  wave  numbers  as  a  function 
of  the  ratio  of  the  emittances  from  Equation  (5)  for  several 
values  of  the  intensity  parameter  (F  =  0, 0.5, 1, 2, 5  and  <»). 


III.  PARTICLE  LOSSES 

The  fractional  particle  loss  per  unit  length  for  bunched  and 
continuous  (unbunched)  beams  in  equilibrium  can  be  found  by 
considering  the  flux  across  a  cylindrical  boundary  due  to 
thermal  motion  in  the  thermal  equilibrium  distribution.  With  a 
Maxwellian  velocity  distribution  with  temperature  T,  the  flux  of 
all  particles  across  a  cylindrical  boundary  with  radius  b  is  [10] 
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For  bunched  beams,  h  (b)=Jn(b,z)dz/Az  is  the  density  at  the 
pipe  averaged  over  each  bunch  in  the  longitudinal  direction, 
where  A z  is  the  distance  between  bunches.  For  unbunched 
beams,  h(b)  =  n  (b)  is  the  density  at  the  pipe,  which  is  constant 
along  z. 

The  number  of  particles  lost  per  unit  length  per  unit  time 
along  the  channel  is  found  by  multiplying  the  flux  by  the 
circumference  (2n:b).  Multiplying  the  result  by  the  particle 
charge  q  gives  the  current  lost  per  unit  length,  so  the  fractional 
loss  per  unit  length  along  the  channel  is 


where  fi^  is  the  density  on  the  axis  of  the  equivalent  uniform 
ellipsoid,  averaged  over  the  longitudinal  direction.  The  terms 
containing  the  densities  in  Equations  (8)  and  (9)  are  rapidly 
decreasing  functions  of  b^,  so  that  increasing  the  beam  radius 
or  decreasing  the  pipe  radius  causes  an  increase  in  the  particle 
losses,  despite  the  appearance  of  b^  and  as  multiplying 
factors. 

Since  a  continuous  beam  does  not  have  any  image  fields 
from  the  conducting  pipe,  the  effect  of  the  pipe  is  only  to 
truncate  the  thermal  distribution.  The  density  as  a  function  of 
radius  required  for  Equation  (8)  can  be  found  from  previous 
results  [11]  for  any  pipe  radius.  For  bunched  beams,  thermal 
equilibria  have  been  found  numerically  [10, 12]  for  aspect  ratios 
of  1, 5  and  20;  pipe  radii  of  2,  3  and  5  times  rj„;  and  transverse 
space  charge  tune  depressions  (k^/k^o)  0.4, 0.5, 0.65, 

0.8  and  0.95.  The  transverse  space  charge  tune  depression  is 
calculated  from  the  envelope  equations  as  [8] 
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The  extent  of  the  thermal  tail  in  the  radial  direction  was  found 
to  be  independent  of  the  pipe  radius  with  constant  k^/k^o* 
aspect  ratios  and  pipe  radii  which  were  tested,  just  as  in  the  case 
of  unbunched  beams. 

The  extent  of  the  tail  was  found  to  have  a  much  greater 
dependence  on  temperature  than  on  bunch  length.  The  results 
were  also  found,  for  all  aspect  ratios  tested,  to  be  similar  to 
those  for  unbunched  beams.  Figures  2  and  3  show  the  average 
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radial  density  profiles  with  density  on  a  logarithmic  scale  (with 
log  base  10),  which  emphasizes  the  differences  between  the  tails 
of  the  distributions.  The  solid  lines  are  for  unbunched  beams, 
obtained  by  the  same  method  as  in  Reference  1 1 .  The  dashed 
lines  are  for  spherical  bunches  (yz^/r^  =  1)  in  Figure  2  and  for 
profiles  with  aspect  ratio  yzj^r^  =  20  in  Figure  3.  The  profile 
numbers  from  1  through  8  correspond  to  transverse  space 
charge  tune  depressions  of,  respectively,  0.95,  0.8,  0.65,  0.5, 
0.4, 0.3, 0.2  and  0.0.  Radii  are  in  units  of  the  rms  radius,  which 
is  2'^^^  a  for  unbunched  beams  and  (5/2)’*^^  r^  for  bunched 
beams.  An  example  which  uses  these  results  has  been  given 
elsewhere  [10]. 


Figure  2:  Average  radial  density  profiles  on  a  logarithmic  scale, 
for  unbunched  beams  (solid  lines),  and  bunched  beams  with  an 
aspect  ratio  of  =  1  (dashed  lines). 


Figure  3:  Average  radial  density  profiles  on  a  logarithmic  scale, 
for  unbunched  beams  (solid  lines),  and  bunched  beams  with  an 
aspect  ratio  of  yz^yr^  =  20  (dashed  lines). 


CONCLUSION 

The  properties  of  the  beam  in  a  proposed  rf  linear 
accelerator  have  been  described,  in  which  the  ratio  of  the 
transverse  and  longitudinal  focusing  wave  numbers  is  adjusted 
to  keep  the  beam  in  thermal  equilibrium  in  order  to  minimize 
emittance  growth  and  halo  formation.  When  space  charge 
dominates  over  emittance,  the  bunch  has  a  uniform  density 
profile  with  a  sharp  boundary.  When  emittance  is  significant, 
the  thermal  equilibrium  density  profile  has  a  natural  tail. 
Equations  have  been  derived  and  results  presented  graphically 
for  the  fractional  current  loss  due  to  this  tail  in  the  thermal 
equilibrium  distribution.  In  practice  there  will  always  be 
deviations  from  the  equilibrium  state  due  to  mismatch  and 
misalignments,  but  the  resulting  emittance  growth  will  always 
be  less  than  in  the  conventional  design  in  which  equipartitioning 
adds  to  the  emittance  increase  and  halo  formation. 
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1  Introduction 

Pulsed  Neutron  Source  based  on  the  proton  accelerator  is 
a  very  promising  device  for  investigations  in  a  fields  of 
nuclear  physics  and  condenced  matter.  Several  installa¬ 
tions  have  been  built  in  USA  (LANSCE,  IPNS),  in  England 
(ISIS),  in  Japan  (KENS).  Pulsed  Neutron  Source  IN-06  [1] 
based  on  the  Moscow  Meson  Factory  (MMF)  Linac  is  un¬ 
der  construction  now.  Next  generation  of  Neutron  Sources 
(ESS,  JHF  etc.)  [2,3]  are  in  R&D  study. 

The  first  stage  of  Neutron  Source  IN-06  is  planned  to  be 
put  into  operation  in  1996.  The  watercooled  neutron  target 
of  silicious  uranium  will  be  exposed  to  the  500  MeV  proton 
beam.  The  IN-Ob  design  parameters  (thermal  neutron  peak 
flow  of  5  •  10*^n/cm^  •  s,  35  mks  pulse,  50  Hz  repetition 
rate,  awerage  flow  of  8  •  10*^«/cw^  •  s)  may  be  achived 
after  storage-compressor  ring  (PSR)  comissioning  in  1998. 

We  studied  the  possibilities  of  IN-06  upgrade  by  means 
of  MMF  Linac  modernization  using  existing  building  ar¬ 
eas,  shielding  and  net  power  consumption.  Our  analyses 
have  shown  that  peak  flow  of  lO^'^n/cm^  •  s  and  average 
flow  of  10*‘*n/cm^  •  s  could  be  achieved  with  the  pulse 
length  of  30  mks  and  repetition  rate  25  Hz  using  PSR  and 
neutron  multiplication  in  target.  All  necessary  linac  in¬ 
novations  are  not  overstep  the  limits  of  the  contemporary 
state  of  art.  To  get  the  above  mentioned  parameters  we 
need  to  increase  the  energy  of  the  linac  up  to  700  MeV  and 
beam  pulse  length  up  to  300  mks  with  the  repetition  rate  25 
Hz.  Thus  neutron  multiplication  target  will  be  exposed  to 
10*“*  proton  per  pulse  which  corresponds  to  10  MWt  power 
dissipation  in  target  [4]. 

2  Linac  innovations 

MMF  Linac  was  designed  with  following  parameters:  max¬ 
imum  energy  of  protons  and  H~  ions  600  MeV;  average 
beam  current  500  mkA;  pulse  current  50  mA;  beam  pulse 
length  100  mks;  repetition  rate  100  Hz.  Recently  the  pro¬ 
ton  energy  of  423  MeV  was  achived  which  is  determined 


with  the  number  of  klystrons  on  hand  which  are  used  for 
DAW  Linac  RF  power  supply.  By  the  end  of  1995  6  more 
klystrons  will  be  manufactured  that  provide  the  beam  en¬ 
ergy  of  500  MeV.  Regular  linac  operation  take  place  with 
the  average  current  of  50  mkA  (demonstrated  65  mkA).  To¬ 
tal  beam  losses  are  not  exceed  desigh  value  (0, 1^0,  2)% 
[5] .  Beam  pulse  length  of  70  mks  and  repetition  rate  50  Hz 
are  determined  with  experimental  requirements  as  well  as 
with  power  consumption  expenditures. 

The  following  linac  systems  must  be  upgrated  to  get  700 
MeV  proton  energy  and  300  mks  beam  pulse  length: 

Accelerating  system.  RF  pulse  length  insrease  up  to 
300  mks  leads  to  the  thermal  heat  growth  in  DTL  as  well 
as  in  DAW  (disk  and  washer)  cavities.  It  seems  that  nec¬ 
essary  heat  transfer  could  be  provided  with  the  water  flow 
increase  as  well  as  with  water  temperature  lowering  in  the 
secondary  loop.  Additional  expenditure  of  electric  power 
could  be  compensated  due  to  elimination  existing  heaters 
and  reduction  of  the  water  pumps  number  in  the  modern¬ 
ized  cavity  resonant  frequency  control  system. 

Energy  upgrade  from  600  Me  V  to  700 Me  V  could  be  ful¬ 
filled  due  to  addition  of  one  more  4-section  DAW  module 
onto  the  existing  girder  at  the  end  of  accelerating  tuimel. 
This  module  has  to  provide  the  accelerating  gradient  of  7 
MeV/m.  Our  experience  shows  that  it  is  fully  guaranted  in 
DAW  accelerating  structure. 

DTL  Linac  RF  Power  Supply.  To  meet  300  mks  beam 
pulse  we  need  to  increase  the  modulator  pulse  length  from 
360  mks  to  500  mks.  It  requires  to  increase  the  number 
of  cells  in  delay  line,  to  modify  the  pulsed  transformer  in 
the  GMI-44A  anode  circuit,  to  increase  the  pulse  length  of 
the  submodulator.  Similar  modifications  have  to  be  done 
in  modulator  of  the  powerful  driver  amplifier  to  increase 
its  pulse  length  from  420  mks  to  550  mks. 

DAW  Linac  RF  Power  Supply.  There  are  28  991  MHz 
4,75  MWt  power  supply  channels  (one  for  each  4-section 
DAW  cavity)  in  the  DAW  Linac.  For  300  mks  50  mA  beam 
pulse  operation  we  need  to  modify  the  klystron  driver  am¬ 
plifier  together  with  its  modulator  as  well  as  the  output 
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powerfull  klystron  itself.  The  number  of  cells  in  delay  line 
of  the  driver  amplifier  modulator  must  be  increased  twice. 
The  pulsed  transformer  must  be  redesigned  to  eliminate 
the  iron  saturation  due  to  longer  pulse. 

To  provide  300  mks  operation  with  the  same  net  power 
consumptionand  equipment  sizes  unchanged  we  have  three 
options: 

—  powerfull  klystron  modulator  is  reconstructed  using 
the  same  elements  of  the  delay  line.  The  KIU-40  old 
klystron  maybe  utilized. 

—  powerfull  klystron  modulator  is  modified  for  opera¬ 
tion  with  low  voltage  (50  kV)  high  efficient  42  beam 
klystron  ’’Atlant”,  which  was  developed  recently  by 
the  scientific  and  technical  firm  ’Thorium”. 

—  completely  new  delay  line  has  to  be  developed  and 
constructed. 

After  some  modelling  and  testing  one  of  those  three  op¬ 
tions  has  to  be  choosen  taking  into  account  its  reliability. 
The  RF  channel  for  the  last  high  accelerating  gradient  cav¬ 
ity  differs  from  those  regular  ones  significantly.  It  must  be 
developed  separately  and  needs  additional  net  power. 

Injection  system.  Existing  ingectors  on  the  base  of  ac¬ 
celerating  tube  and  750  kV  pulsed  transformer  have  to  be 
substituted  with  RFQ  section  designed  to  provide  50  mA 
in  the  pulse  length  of  300  mks  with  25  Hz  repetition  rate. 
198,2  MHz  RFQ  injector  must  be  placed  close  to  the  first 
DTL  cavity. 

Conclusion 

The  fulfilment  of  the  above  mentioned  steps  of  the  MMF 
Linac  upgrade  together  with  proton  storage-compressor 
ring  comissioning  and  neutron  multiplication  target  insted 
of  silicious  uranium  one  installation  make  the  Pulsed 
Neutron  Source  based  on  the  MMF  Linac  beam  highly 
competitive. 
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L  INTRODUCTION 


The  Drift  Tube  Linac  RF  Power  Supply  is  a  critical  system  in 
the  Moscow  Meson  Factory  (MMF)  complex  operation.  Recent 
activity  in  its  modernization  is  under  discussion  in  this  paper. 
DTL  RF  system  consists  of  5  identical  channels  plus  reserve 
one.  Every  channel  includes  the  four-stage  198,2  MHz  ampli¬ 
fier,  two  anode  modulators  (one  of  them  for  the  first  two  ampli¬ 
fier  stages  on  the  valves  GS-3  IB  and  the  other  for  the  two  output 
stages  on  the  valves  GI-51 A  and  GI-54A),  coaxial  system,  phase 
and  amplitude  automatic  control  systems  (Fig.l). 

The  RF  system  was  designed  nearly  twenty  years  ago  in  the 
Radiotechnical  Institute  of  the  USSR  Academy  of  Sciences  and 
fully  discussed  in  a  broad  list  of  publications.  The  most  detailed 
description  of  RF  equipment  was  presented  in  [1-6]. 

The  main  reasons,  which  have  caused  the  need  of  RF  system 
modernization  are  the  following  ones: 

-  a  low  reliability  of  the  valves  GMI-44A  and  GI-54A  in  the 
modulator  and  RF  amplifier  output  stages; 

-  a  self-excitation  of  the  output  stages  of  the  RF  amplifier; 

-  a  long  RF  power  tum-on  transient. 


The  results  of  the  RF  system  efficiency  improvement  are  de¬ 
scribed  below. 


IL  THE  RESERVE  RF  POWER  SUPPLY  SYSTEM 

The  DTL  RF  Power  Supply  System  comprises  one  reserve 
channel.  In  accordance  with  initial  design  the  entire  equipment 
of  the  reserve  channel  may  be  connected  to  any  of  five  DTL 
tanks  instead  of  the  failed  channel.  For  that  purpose  five  p  -i-n 
switches  have  been  used,  which  provide  fast  connection  of  the 
reserve  channel  instead  of  the  failed  one.  In  a  course  of  this  pro¬ 
cedure  the  tank  begins  to  operate  with  reserve  modulators,  RF 
amplifiers  and  amplitude  and  phase  circuits.  It  was  inconvenient 
because  of  the  need  to  calibrate  and  readjust  the  amplitude  and 
phase  control  system  circuits  of  the  reserve  channel. 

Recently  the  only  powerful  elements  (HV-rectifier,  modula¬ 
tors  and  RF  amplifiers)  of  the  reserve  channel  are  connected  to 
the  cavities  using  the  double  phase-regulator  with  the  switch  [5]. 
It  is  reasonable  since  the  powerful  elements  are  the  causes  of 
failure  in  most  cases.  The  failure  of  the  amplitude  and  phase 
control  system  elements  happens  rather  rarely,  so  the  amplitude 
and  phase  control  system  elements  native  to  the  given  tank  are 
never  replaced  (Fig.l).  Now  the  time  to  put  the  reserve  channel 
into  operation  instead  of  the  failed  one  does  not  exceed  25-30 
minutes. 


Figure  1.  The  Reserve  Channel  Block  Diagram 


III.  INCREASING  THE  RELIABILITY  OF  THE 
RF  AMPLIFIER  AND  MODULATOR 
OUTPUT  STAGES 

In  the  last  years  some  R&D  works  were  initiated  in  NPO 
“Toriy”  (Moscow)  and  AO  “Swetlana”(S.  Peterburg)  to  develop 
new  more  reliable  powerful  valves  for  the  last  stages  of  the  AM 
modulator  and  RF  amplifier  using  modem  materials  and  tech¬ 
nologies.  In  the  last  year  powerful  water-cooled  triodes  “Takt- 
1”  were  installed  in  the  modulators  AM  of  the  channels  N2j  3 
and  6.  Use  in  them  the  high  efficient  electron  optic  with  tape¬ 
like  electron  flows  and  deep  cooling  grids  allows  to  apply  the 
high  anode  voltage  and  operate  large  anode  current.  In  addition 
to  that  VA  characteristic  of  the  valve  is  near  to  that  of  pentode 
with  the  low  anode  voltage  drop.  The  main  parameters  of  the 
valve  “Takt-l”  are  presented  in  the  Table  1. 

The  new  pulsed  powerful  RF  triode  “Katran”  (AO  “Swet- 
lana”)  with  pyrolytic  graphite  grid  is  tested  now  as  well.  To  in¬ 
vestigate  the  new  valve  operating  on  any  of  the  five  DTL  tanks  it 
was  installed  in  the  output  stage  of  the  reserve  channel.  Results 
of  the  “Katran”  tests  have  shown  that  it  has  the  higher  then  GI- 
54A  breakdown  voltage  and  more  reliable  cathode  heater;  new 
valve  has  not  experienced  selfexcitation  when  the  grid  driving 
power  is  off,  which  was  typical  short-coming  for  a  GI-54A.  That 
advantage  of  “Katran”  opens  a  possibility  to  control  RF  power 
in  DTL  tank  changing  the  level  of  the  grid  driving.  The  main 
parameters  of  the  valve  “Katran”  are  presented  in  Table  2. 

IV.  IMPROVEMENT  OF  CHANNEL 
OPERATION 

After  beginning  a  routine  work  of  all  RF  system  channels  it 
was  found  that  there  are  a  lot  of  cases  of  a  selfexcitation  at  the 
low  frequencies  (a  few  MHz)  in  output  stages  of  RF  amplifiers, 
which  could  switch  off  one  or  a  few  channels  due  to  interfer- 
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Table  I 

The  Parameters  of  the  “Takt-l”  valve. 


N 

Parameter 

Unit  of  a 

measur. 

Quant. 

1. 

Anode  pulse  current  when 
grid-driving  pulse  is  5  kV 
and  anode  voltage  - 10  kV 

A 

750 

2. 

Maximum  anode 
dissipated  power 

kWt 

300 

3. 

Maximum  anode  voltage 

kV 

100 

4. 

Grid/anode  currents  ratio 

0.05 

5. 

D.C.  grid  bias 

V 

-50 

6. 

Filament  power 

kWt 

2.8 

7. 

Filament  A.C.  voltage 

V 

28 

8. 

Weight 

kG 

45 

9. 

Sizes:  height 

diameter 

mm 

mm 

625 

300 

Table  H 

The  Parameters  of  the  “Katran”  valve. 


N 

Parameter 

Unit  of  a 

measur. 

Quant. 

1. 

Operation  frequency 

MHz 

200 

2. 

RF  pulse  power  at 
anode  voltage  40  kV 

MWt 

4 

3. 

Power  gain 

10 

4. 

Maximum  anode 
dissipated  power 

kWt 

140 

5. 

Filament  power 

kWt 

16 

6. 

Filament  A.C.  voltage 

V 

16 

7. 

Duty  factor 

0.05 

8. 

Weight 

kg 

45 

9. 

Sizes:  height 

mm 

460 

diameter 

mm 

625 

ence  on  timer  or  p  -n-p-n  switch  in  the  modulator  fast  protection 
circuits.  The  main  cause  of  the  selfexcitation  was  a  coupling 
between  two  output  stages  due  to  common  anode  power  supply 
circuit.  Since  the  power  gain  in  the  last  two  stages  achieves  30 
dB  the  danger  of  a  selfexcitation  is  very  real  one. 

After  the  channel  is  turned  off  due  to  selftexcitation  it  takes 
a  long  time  to  restore  the  nominal  level  of  power  in  the  tank  - 
from  5  minutes  for  tank  N  1  up  to  15  minutes  for  tank  N  5.  That 
is  why  a  much  effort  was  spent  to  investigate  the  reasons  of  a 
selfexcitation  and  to  find  the  ways  to  prevent  it  and  its  conse¬ 
quences.  The  following  measures  have  been  taken: 

-  check  up  and  restoration  all  of  welded  seams  in  the  two  output 
stage  of  the  RF  amplifier; 

-  change  in  the  modulator  AM  timing  circuits; 

-  installation  of  “electronic  gate”  network  in  the  timing  circuit 
all  of  modulators  aiming  to  lock  the  input  in  a  pause  between 
the  timer  pulses; 

-  inserting  of  the  LR  dumping  cells  S  (Fig.l)  which  provide  de¬ 
crease  of  coupling  between  anodes  of  GI-51A  and  GI-54I. 


After  fulfilling  of  the  above  mentioned  measures  the  RF  sys¬ 
tem  began  to  work  much  better.  So,  if  during  the  first  beam  pro¬ 
duction  shifts  in  1989  the  mean  time  between  two  breakdowns 
was  about  Ih  and  the  maximum  time  -  3/i,  then  in  1994  those 
figures  have  reached  9h  and  45/i  correspondingly.  A  few  chan¬ 
nels  simultaneous  breakdowns  have  been  practically  excluded, 
though  previously  they  happened  in  90%  of  all  breakdown  cases. 

V.  IMPROVEMENT  OF  THE  RF  POWER 
TURN-ON  TRANSIENT 

As  it  was  said  above  it  is  difficult  to  cease  entirely  acciden¬ 
tal  switching  off  of  the  channels  and  hence  there  is  a  need  to 
take  measures  to  decrease  a  RF  power  tum-on  transient  in  a 
tank.  Its  duration  is  determined  with  noticeable  drift  tube  ther¬ 
mal  changes  due  to  RF  power  dissipation  and  it  takes  a  time 
to  decrease  the  temperature  of  cooling  water  to  keep  the  cav¬ 
ity  resonant  frequency.  In  detail  the  problem  was  discussed  in 
[7]  where  the  temperature  gradients  between  copper  and  cool¬ 
ing  water  are  presented.  They  are  changed  from  IC^  (in  the 
tank  N  1)  to  8C^  (in  the  tank  N  5).  Since  the  relation  between  a 
resonant  frequency  and  drift-tube  temperature  is  determined  as 
a  linear  dependency  with  the  coefficient  K  =  1.5  ^  2kHzfC^ 
and  drift-tube  thermal  time  constant  does  not  exceed  30  sec  then 
the  tank  will  be  detuned  entirely  through  20  30sec  after  the 
channel  is  switched  off.  A  slow  resonant  frequency  control  sys¬ 
tem  can  not  help  because  the  only  pure  delay  in  a  control  loop 
achieves  20  25sec,  To  decrease  a  RF  power  tum-on  transient 
the  special  program  was  developed  which  fulfills  the  following 
operations: 

-  analyses  a  cause  of  the  accidental  switching  off  of  the  channel; 

-  creates  the  program  control  command  to  switch  on  the  failed 
channel  if  the  accidental  turning  off  was  connected  with  interfer¬ 
ences  on  timer  or  p-n-p-n  switch  in  the  modulator  fast  protection 
circuits; 

-  keeps  the  same  cooling  water  temperature  for  a  time  approxi¬ 
mately  equal  to  three  drift-tube  thermal  constants. 

The  program  allows  to  decrease  a  tum-on  transient  from  5  --  15 
min  to  1  1.5mm. 

VI.  CONCLUSION 

Above  mentioned  investigations  and  debugging  of  the  RF  sys¬ 
tem  equipment  have  increased  its  efficiency  noticeably.  We  are 
going  to  continue  the  works  directed  on  increasing  the  reliabil¬ 
ity  of  the  RF  system  on  account  of  an  installation  of  the  new 
valves  “Takt-l”  and  “Katran”  in  every  channel,  optimization  of 
the  RF  amplifier  output  stage  tuning  and  decreasing  of  the  in¬ 
terference  on  the  timer  and  p-n-p-n  switch  in  the  modulator  AM 
fast  protection  circuits. 
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ABSTRACT 

A  heavy-ion-fusion  driver-scale  injector  has  been 
constructed  and  operated  at  Lawrence  Berkeley  Laboratory. 
The  injector  has  produced  2.3  MV  and  950  mA  of  K’^,  15% 
above  original  design  goals  in  energy  and  current. 
Normalized  edge  emittance  of  less  than  1  n  mm-mr  was 
measured  over  a  broad  range  of  parameters.  The  head-to- 
tail  energy  flatness  is  less  than  ±0.2%  over  the  1  |is  pulse.* 


has  been  proposed  to  study  all  the  key  beam  dynamics 
issues  in  a  driver-scale  accelerator,  and  the  first  half  of  this 
machine  ,  the  electrostatic  focusing  section  has  been 
approved  as  the  ‘Elise”  project.  As  a  prerequisite  to  the 
ILSE/Elise  project,  a  driver-scale,  one-beam  heavy  ion 
injector  has  been  constructed  and  operated  at  Lawrence 
Berkeley  Laboratory 

The  new  injector  has  as  its  design  goals,  the  particle 
energy  of  2  MV,  line  charge  density  of  0.25  |LiC/m  (800  mA 
of  K"*")  and  a  normalized  edge  emittance  of  less  than  1  n 
mm-mr.  These  design  parameters  are  the  same  as  in  a  full- 


Fig.l 


INTRODUCTION 

The  accelerator  required  for  Heavy  Ion  Fusion[l]  must 
deliver  several  megajoules  of  heavy  ions  with  particle 
energy  of  a  few  GeV,  onto  a  target  of  2  to  3  mm  radius  in 
10-15  nanoseconds.  The  linear  induction  accelerator 
approach  to  the  fusion  driver  consists  of  multiple  beams, 
each  confined  to  a  quadrupole  focusing  channel,  which  is 
electrostatic  at  the  low  energies,  and  magnetic  at  the  high 
energies,  and  sharing  a  common  induction  acceleration 
core.  A  variant  of  the  induction  linac  approach,  which 
recirculates  the  heavy  ions  through  quadrupole  focusing 
channels  and  induction  cores  in  a  circular  configuration  is 
also  being  studied  as  a  potentially  low  cost  driver  option.  [2] 
The  ELSE  (Induction  Linac  Systems  Experiments)  project 


*This  work  was  supported  by  the  Director,  Office  of 
Energy  Research,  Office  of  Fusion  Energy,  U.S.  Dept,  of 
Energy,  under  Contract  No.  DE-AC03-76SF00098. 
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scale  driver.  The  low  emittance  is  essential  for  final 
focusing  onto  a  small  target.  The  line  density  corresponds 
to  the  optimal  transportable  charge  in  a  full-scale 
electrostatic  quadrupole  channel,  and  the  high  injector 
energy  has  significant  cost  advantages  in  a  fusion-driver. 
The  ultimate  injector  for  a  fusion  accelerator  is 
conceptually  a  replicate  of  this  one-beam  injector  to  many 
beams,  with  an  extended  pulse  length  of  many 
microseconds,  instead  of  the  one  to  two  microseconds 
(budget-determined)  in  the  ILSE/Elise  injector.  While  the 
particle  energy  and  particle  current  has  been  achieved 
separately  in  previously  built  injectors,  the  unique 
combination  of  energy,  current,  and  emittance 
requirements  pose  a  new  technical  challenge  for  the  Elise 
injector.  Furthermore,  the  required  beam  parameters  must 
stay  constant  over  the  entire  microsecond  long  pulse,  and 
the  machine  must  run  reliably. 

The  new  injector  is  based  on  an  electrostatic 
quadrupole  (ESQ)  configuration.  [4,5]  The  ion  beam,  after 
extraction  from  an  axisymmetric  diode,  is  injected  into  a  set 
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of  electrostatic  quadrupoles  arranged  to  provide 
simultaneous  acceleration  and  strong  focusing.  The  ESQ 
configuration  was  chosen  over  the  more  conventional 
electrostatic  aperture  column  primarily  because  of  high 
voltage  breakdown  considerations.  The  accelerating 
gradient  of  an  ESQ  can  be  made  quite  low,  and  the  strong 
transverse  fields  sweep  out  secondary  electrons  which  may 
initiate  breakdown  processes.  However,  the  ESQ 
configuration  has  an  inherent  beam  aberration  mechanism, 
which  must  be  carefully  controlled  to  minimize  emittance 
degradation.  The  key  design  issues  center  around  the 
control  of  high  voltage  breakdown  and  deleterious  phase- 
space  distortions. 


which  is  at  -80  kV  relative  to  the  high  voltage  dome  at  all 
times  except  during  beam  extraction  when  the  pulser  is 
switched  to  +80  kV  in  about  500  ns.  This  extraction  pulser 
configuration  allows  ion  extraction  without  the  need  for 
grids  which  tend  to  be  unreliable  and  beam-quality 
degrading. 

The  injector  is  powered  by  a  2  MV  Marx[7]  which 
consists  of  38  trays,  with  parallel  LC  and  RC  circuits 
arranged  to  produce  a  4  |xs  flat-top  (to  accommodate  the 
entire  ion  beam  plus  transit  time  across  the  injector 
column).  The  6  kfl  system  is  sufficiently  stiff  to  render 
beam  loading  transient  effects  negligible. 

BEAM  DYNAMICS 


HIGH  VOLTAGE  ENGINEERING 

A  schematic  of  the  full  injector  is  shown  in  Figure  1. 
The  Elise  injector  column  consists  of  a  diode  followed  by 
four  electrostatic  quadrupole  sections.  The  ceramic  column 
has  an  inner  diameter  of  26”  and  a  total  length  of  about 
100”.  The  diode  section  is  brazed  from  16  1-1/2”  alumina 
rings  separated  by  thin  Niobium  plates.  The  quadrupole 
sections  are  composed  of  3”  rings.  The  segmented 
structure  prevents  continuous  plasma  avalanching  along  the 
ceramic  walls,  and  reduces  insulator  breakdown  risks.  The 
inner  surface  of  the  insulator  column  is  further  protected 
with  1  cm  thick  stainless  steel  and  copper  shields  carefully 
shaped  to  block  beam-generated  secondary  electrons  and 
X-rays.  Detailed  computer  designs  were  performed  to 
minimize  surface  field  stress  to  less  than  60  kV/cm  at  all 
points  on  the  metal  surfaces  and  to  very  low  fields  at  the 
“triple  points”  (interface  between  insulator,  metal,  and 
vacuum).  Quadrupole  electrodes  were  also  computer- 
designed  to  minimize  field  stress  without  enhancing  higher 
order  multipoles  which  could  distort  the  phase-space  of  the 
beam.  The  ceramic  column  is  contained  in  a  pressure 
vessel  under  80  psig  of  SF6.  The  outside  of  the  insulator 
column  is  further  protected  with  guard  rings  and  metal- 
oxide- V2uisters.  Water  resistors  around  the  column  provide 
graded  voltages  to  the  diode  and  each  of  the  four 
quadrupoles.  The  full-size  quads  were  tested  to  hold 
voltage  of  up  to  700  kV  without  beam.  The  design  quad 
voltages  for  the  full  injector  were  set  at  less  than  400  kV. 
The  diode  was  tested  to  up  to  1  MV  with  beam,  and  the 
design  diode  voltage  is  less  than  700  kV. 

The  source  is  a  6.7”  diameter  curved  hot  alumino¬ 
silicate  source  emitting  ions.  These  sources  have  been 
shown  to  produce  beams  with  temperature-limited 
emittances,  and  have  long  life-time  and  high  reliability [6]. 
The  source  assembly  is  coupled  to  an  extraction  pulser 


A  low  energy  ion  beam  in  a  strong  electrostatic 
focusing  channel  experiences  a  third-order  aberration 
which  we  call  the  “energy  effect.”  The  cause  of  this  effect 
is  that  ions  at  a  given  axial  location  within  the  quadrupole 
channel  can  have  variable  energies,  depending  on  their 
relative  proximity  to  the  negative  and/or  positive 
electrodes.  Variations  in  beam  energy  lead  in  turn  to  a 
spread  in  betatron  motion,  which  results  in  a  kinematic 
aberration  of  the  beam.  The  mechanism  could  be 
understood  if  we  start  with  the  equation  of  motion  in  a 
focusing  channel: 

d^x  _  I  r  ^E_|_  ^ 

dz^  I  m  j 


Noting  that  v^^  is  proportional  to  the  potential  in  a 
quadrupolar  field 


-^mVz^  =eO  =  e|Oo  cos20j 


where  Oq  is  the  potential  on  axis  and  corresponds  to  the 
energy  of  an  on-axis  particle,  and  Oq  is  the  quadrupole 
component.  Assuming  that  Oq  «  Oq,  we  obtain  at  once, 
to  leading  order 
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It  is  evident  that  the  resulting  aberration  is  third  order  in  the 
field.  It  is  also  clear  that  the  magnitude  of  the  aberration  is 
proportional  to  the  ratio  of  the  quadrupole  field  to  the  beam 
energy,  and  the  effect  is  most  serious  when  the  beam 
energy  is  low  and  quadrupole  field  is  strong. 

The  beam  dynamics  of  the  ESQ  is  further  complicated 
by  the  facts  that  the  interdigital  geometry  of  the  electrode 


1179 


package  is  fundamentally  3-dimensional,  and  the  beam  is 
space-charge  dominated.  Detailed  theoretical  predictions 
require  3-D  PIC  simulations.  Substantial  code 
developments  were  invested  to  make  WARP3D  our 
“design  tool.”[8]  Realizing  that  the  beam  dynamics  is 
sufficiently  complicated,  a  1/4  scale  experiment  was 
designed  and  conducted  using  an  existing  100  kV  beam 
at  the  Single-Beam  Transport  Experiment  facility  at  LBL, 
and  detailed  phase-space  measurements  were  performed 
over  a  broad  range  of  parameters.  The  agreement  with 
WARP3D  predictions  was  excellent. 

WARP3D  was  used  to  determine  the  voltages  of  the 
diode  and  the  quads  that  would  yield  minimal  emittance 
growth.  The  final  quad  and  diode  voltages  were 
determined  on  the  basis  of  beam  dynamics  simulations  and 
high  voltage  breakdown  considerations. 


Fig.2 


INJECTOR  PERFORMANCE 

Engineering  design  and  construction  of  the  ESQ 
injector  commenced  in  November  1992,  and  the  project 
was  completed  in  October  1993.  On  the  first  day  of 
operation,  a  beam  in  excess  of  the  design  parameters  of 
2  MV  and  800  mA  was  produced.  (See  Figure  2.)  The 
measurement  of  current  was  made  with  a  Faraday  cup  and  a 
ragowski  located  at  the  exit  of  the  injector.  The  current 
was  measured  for  a  range  of  Marx  voltage  and  pulser 
voltages,  and  the  agreement  with  code  predictions  was 
excellent.  (See  Figure  3.) 

The  highest  energy  and  current  achieved  thus  far  is  2.3 
MV  and  950  mA  of  K"*",  or  15%  above  design  goals,  and 
we  have  not  yet  attempted  to  push  the  injector  to  its  limit  of 
performance. 

The  emittance  was  measured  with  a  double-slit 
scanner  in  both  the  horizontal  and  vertical  directions.  Over 
a  broad  range  of  parameters,  the  measured  normalized  edge 


emittance  was  less  than  1  n  mm-mr.  (See  Figure  4.)  As 
the  current  is  increased  (at  fixed  MARX  voltage),  phase- 
space  distortions  are  enhanced,  as  predicted  by  theory  and 
simulations.  Simulations  have  successfully  predicted 
details  of  measured  phase-space,  subject  to  an  observed 
sensitivity  of  code  results  to  the  beam  extraction  conditions 
near  the  source,  which  is  not  fully  understood. 

eunr«nl  fA  SeiMa*  PMmtM  Of»|l>  ff*m  MIbIi 


Fig.3 

The  measured  emittance,  beam  radius,  divergence,  and 
beam  centroid  displacement  are  reasonably  constant  over 
the  entire  pulse  from  our  measurements.  (See  Figure  5.) 


0.65  K  mm-mr 
Fig.  4 

To  provide  a  high  precision  measurement  of  the  beam 
energy  from  head-to-tail,  we  have  constructed  a  new 
energy  spectrometer  by  placing  a  gas  stripper  in  front  of  a 
previously  constructed  electrostatic  spectrometer  with  a 
maximum  energy  measuring  capability  of  less  than  1  MV. 
(See  Figure  6.)  The  gas  stripper  changes  the  incoming 
singly  ionized  potassium  ions  to  multiply  ionized  species, 
and  the  dynamic  range  for  the  is  increased  up  to  n  =5, 
(See  Figure  7.)  We  have  measured  ions  to  n=5,  allowing 
this  same  device  to  measure  ions  of  the  full  Elise  5  MeV 
beams. 
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Fig.7 


With  this  sensitive  energy  measuring  device,  we  were 
able  to  “fine-tune”  the  extraction  pulser  to  the  point  where 
the  exiting  beam  is  flat  to  less  then  ±0.2%  over  1  its. 
(Figure  8)  The  variations  of  beam  emittance  and  envelope 
over  the  pulse  for  the  “flat”  beam  is  expected  to  be  further 
reduced  from  our  first  double-slit  scanner  measurements. 


Detailed  comparisons  of  the  transient  features  observed  in 
the  experiments  with  WARP3D  are  ongoing.  The  goal  is  to 
deliver  the  entire  pulse  through  a  3-m  long  matching 
section  presently  under  construction,  into  the  2.3  cm  radius 
Elise  focusing  channel. 
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Fig.  8 
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Abstract 

Strong  interest  has  arisen  in  accelerator-driven  spallation- 
neutron  sources  that  surpass  existing  facilities  (such  as  ISIS  at 
Rutherford  or  LANSCE  at  Los  Alamos)  by  more  than  an  order 
of  magnitude  in  beam  power  delivered  to  the  spallation  target. 
The  approach  chosen  by  Los  Alamos  (as  well  as  the  European 
Spallation  Source)  provides  the  full  beam  energy  by 
acceleration  in  a  linac  as  opposed  to  primary  acceleration  in  a 
synchrotron  or  other  circular  device.  Two  modes  of  neutron 
production  are  visualized  for  the  source.  A  short-pulse  mode 
produces  1  MW  of  beam  power  (at  60  pps)  in  pulses,  of  length 
less  than  1  ms,  by  compression  of  the  linac  macropulse 
through  multi-turn  injection  in  an  accumulator  ring.  A  long- 
pulse  mode  produces  a  similar  beam  power  with  1 -ms-long 
pulses  directly  applied  to  a  target.  This  latter  mode  rivals  the 
performance  of  existing  reactor  facilities  to  very  low  neutron 
energies.  Combination  with  the  short-pulse  mode  addresses 
virtually  all  applications. 

L  INTRODUCTION 

Several  high-intensity  spallation-neutron  sources  exist 
throughout  the  world.  These  sources  are  in  general  driven  by 
very  short  (<  1  ps)  and  intense  proton  pulses.  The  ISIS 
facility  [1]  at  Rutherford  Appleton  Laboratory  operationally 
delivers  an  average  160  kW  of  beam  power  to  a  spallation 
target  at  an  energy  of  800  MeV.  The  rate  of  pulse  arrival  is  50 
Hz  with  each  pulse  containing  2.5  x  10^^  particles.  The 
LANSCE  facility  at  Los  Alamos  [2]  provides  60  kW  at  20  Hz 
and  800  MeV  with  2.9  x  10^^  particles  per  pulse.  Two  other 
pulsed  sources  produce  lower  beam  powers;  IPNS  at  Argonne 
National  Laboratory  and  KENS  at  KEK  Japan  produce  7-kW 
and  2-kW  average  beam  power,  respectively. 

Both  the  ISIS  and  LANSCE  facilities  utilize  a  ring  to 
compress  a  nominally  1-ms  linac  pulse  to  less  than  a 
microsecond.  LANSCE  injects  into  the  ring  at  full  energy, 
using  an  rf  cavity  to  maintain  bunching,  while  ISIS  injects  at 
70  MeV  with  subsequent  acceleration  by  rf  cavities  in  the 
synchrotron  ring.  The  two  facilities  have  similar  problems  in 
providing  an  intense  beam  (some  15-mA  peak  current  from 
the  source)  via  a  linac  for  rapid  ring  filling.  However,  the 
LANSCE  higher  injection  energy  results  in  qualitatively 
different  problems  and  ring  behavior  [3].  In  more  recent 
studies  even  higher-power  beams  are  proposed  for  injection 
into  a  ring  and  high-power  sources  directly  driven  by  a  linac 
are  considered.  A  brief  description  of  such  studies  and  the 
major  problems  encountered  form  the  discussion  of  this  paper. 


*Work  Supported  by  Los  Alamos  National  Laboratory 
Directed  Research  and  Development,  under  the  auspices  of  the 
United  States  Department  of  Energy. 


IL  THE  BASIS  FOR  RECENT  STUDIES 

Interest  in  neutron  sources  of  higher  intensity  has  recently 
surfaced.  In  the  fall  of  1992  a  Department  of  Energy  panel 
noted  that  the  U.  S.  critically  needed  new  neutron-research 
facilities.  It  recommended  that  the  Advanced  Neutron  Source 
(ANS),  a  330-MW  reactor  then  under  study  at  Oak  Ridge,  be 
constructed  and  a  study  be  undertaken  for  a  1-MW  spallation 
source  producing  a  short  pulse  (an  SPSS)  of  less  than  1 
microsecond.  The  two  types  of  sources  would  be 
complementary  and  would  span  the  range  of  desired 
applications.  In  general,  an  SPSS  produces  higher-energy 
neutrons  and  is  superior  for  high-momentum-transfer 
applications,  while  a  reactor  is  most  useful  at  low-momentum 
transfer.  There  is,  however,  considerable  overlap  in  the 
applications  at  intermediate  neutron  energies  and  momentum 
transfers. 

A  site-independent  study  for  the  SPSS  was  proposed  by 
the  panel,  but  has  not  yet  occurred.  However,  Los  Alamos, 
Brookhaven,  and  Argonne  National  Laboratories  each 
undertook  an  informal  study  considering  the  feasibility  of  a  1- 
to  5-MW  SPSS  facility  at  their  respective  institutions.  The 
Brookhaven  and  Argonne  studies  proposed  a  synchrotron- 
driven  source,  while  Los  Alamos  primarily  considered  an 
accumulator  ring,  i.  e.,  a  ring  injected  by  a  linac  at  the  full 
spallation  energy  of  800  MeV,  called  LANSCE  IL  In 
particular,  the  design  attempts  to  utilize  the  LAMPF  linac  and 
other  existing  institutional  infrastructure. 

On  a  similar  time  frame,  the  European  Community  had 
begun  informal  studies  of  a  5-MW  SPSS,  known  as  the 
European  Spallation  Source  (ESS).  The  effort  has  developed 
into  a  formal  study  with  respective  responsibilities  for  the 
linac,  ring,  and  target  at  the  University  of  Frankfurt, 
Rutherford  Appleton  Laboratory,  and  KFA  Jiilich.  Like 
LANSCE  II,  an  accumulator  ring  scheme  (at  1.3  GeV  and 
with  two  rings)  has  become  the  primary  focus.  Other  studies, 
such  as  the  AUSTRON  synchrotron  have  since  emerged. 
These  pulsed  sources  complement  the  57-MW  ILL  reactor  at 
Grenoble,  France.  It  is  worth  noting  that  a  dc  cyclotron- 
driven  1-MW  spallation  source  has  been  constructed  at  PSI  in 
Switzerland. 

Recently,  it  has  become  evident  that  the  ANS  reactor  will 
not  soon  be  constructed.  Hence,  recent  work  at  Los  Alamos 
has  explored  the  possibility  of  a  long-pulse  spallation  source 
(LPSS)  that  can  provide  a  similar  complementarity  to  a  short- 
pulse  source  as  does  a  reactor.  In  this  mode,  very  intense 
linac  pulses,  under  a  millisecond  in  length,  are  impinged  on  a 
spallation  target  that  has  optimized  geometry  and  material 
content  to  exploit  the  pulse  time  structure.  While  a  precise 
equivalence  between  an  LPSS  and  a  reactor  is  difficult  to  state 
and  depends  on  the  application,  an  approximate  figure  for  the 
neutron-source  brightness  has  been  determined  [4].  This 
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result  places  a  1-MW  spallation  source  in  equivalence  to  a  15- 
MW  reactor  in  average  neutron  brightness  at  the  respective 
moderator  output  surfaces.  The  general  utilization  of  this 
pulsed  beam  requires  time-of-flight  techniques  using 
mechanical  choppers  to  energy  select  neutron  energies.  From 
the  kinetics  of  the  energy-selection  process,  a  further 
equivalence  can  be  derived  [5]  that  increases  the  effective 
power  of  the  LPSS  by  the  inverse  duty  factor.  Hence  for  a  60- 
Hz  1-ms  pulsed  structure,  the  effective  reactor  power  of  a  1- 
MW  LPSS  is  250  MW.  The  validity  of  this  figure  varies 
widely  with  application. 

III.  A  LINAC-DRIVEN  SPSS 

Figure  1  shows  a  schematic  overview  of  the  SPSS  study 
results.  A  principal  feature  is  the  retention  of  the  side- 
coupled-cavity  portion  of  the  LAMPF  linac  (SCL),  which 
constitutes  nearly  90%  of  the  present  facility  and  has  a  proven 
present  capability  of  1-MW  operation  at  800  MeV  and  at  a 
120-Hz  repetition  rate;  hence  most  of  the  existing  LAMPF 
infrastructure  is  plausibly  retained.  The  Cockroft-Walton- 
housed  source  and  201.25-MHz  drift-tube  linac  (DTL)  are 
replaced  by  a  402.5-MHz  radio-frequency  quadrupole  (RFQ) 
and  DTL  that  accelerate  30-mA  peak  current  of  H**  ions  to  20 
MeV.  Subsequent  acceleration  to  100  MeV  by  an  805-MHz 
DTL  allows  injection  into  the  805-MHz  SCL.  The  change  in 
frequency  at  20  MeV  permits  the  future  addition  of  a  funnel 
for  possible  upgrades  in  current. 

The  1.2-ms  macropulse  is  then  injected  into  a  169-m 
circumference  accumulator  ring,  using  charge- changing 
injection  at  a  foil,  to  produce  a  560-ns  burst  of  1.3x10^^ 
protons  at  the  two  spallation  targets  via  a  transport  line  that 


contains  switching  elements  to  supply  separate  pulse  trains  at 
40  and  20  Hz  to  the  two  targets. 

A  review  of  the  design  was  held  by  a  panel  of  external 
experts  and  an  extensive  feasibility  study  document  has  been 
prepared  as  well  as  previous  publication  [6].  We  concentrate 
here  on  the  major  issues  that  have  been  raised  by  the  study 
and  review  the  evolution  from  LAMPF  and  PSR  operating 
experience  to  the  present  design. 

A.  Linac  front  end 

The  injector  consists  of  an  H"-ion  source  that  must 
operate  reliably  at  a  duty  factor  of  8.6%  and  provide  an 
adequate  emittance  (-0.02  n  cm  mrad  rms  normalized)  at  a 
nominal  40-mA  peak  current.  While  several  candidate 
sources  can  produce  either  the  required  emittance,  current,  or 
duty  factor,  there  exists  no  one  source  capable  of  meeting 
these  three  specifications.  However,  it  is  believed  that  with 
modest  development,  a  suitable  source  can  be  obtained.  A 
recent  workshop  [7]  at  Lawrence  Berkeley  Laboratory,  under 
the  auspices  of  a  site-independent  study,  has  further  explored 
source  development  for  this  application. 

The  problem  of  chopping  the  beam  (235  ns  beam  off,  436 
ns  beam  on),  to  maintain  a  clean  (<10^  contamination)  gap  for 
extraction  from  the  ring,  seems  more  difficult  [8].  The 
LAMPF  chopper  (a  traveling-wave  deflector)  operates  in  a 
long  low-energy  transport  line  (LEBT)  at  750  keV. 
Neutralization  effects  and  other  difficulties  may  preclude 
chopping  in  the  proposed  100-keV  LEBT;  since  the  RFQ 
accelerates  to  7  MeV  and  must  be  closely  coupled  to  the  first 
DTL,  no  convenient  place  exists  for  this  form  of  chopping. 
Splitting  up  the  RFQ  into  low-  and  high-energy  sections  with 
chopping  between  may  succeed  without  undue  emittance 
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growth.  However,  the  longitudinal  and  transverse  focusing 
arrangements  needed  become  very  elaborate.  High-energy 
chopping  requires  undue  pulsed  power  and  high  beam-power 
deposition  to  dump  the  unwanted  portion  of  the  beam. 

Chopping  in  the  source  by  some  rapid-modulation 
method  appears  very  attractive.  Preliminary  progress  toward 
this  end  has  been  made  by  placing  a  toroidal  collar  near  the 
extraction  aperture  of  a  Penning  discharge  source  [9].  Pulsing 
the  collar  to  38  V  and  100  A  provides  better  than  90% 
chopping  efficiency  and  l-|xs  rise  time.  These  results  are 
limited  by  equipment  and  more  sophisticated  experiments  are 
planned.  The  technique  may  be  useful  in  reducing  dumped 
beam  power  at  a  second  stage  of  chopping  at  higher  energy 
even  if  desired  efficiencies  are  not  obtained. 

The  RFQ  and  DTL  designs  are  based  on  extrapolation  of 
experience  with  linac  facilities  constructed  for  projects  such  as 
the  Ground  Test  Accelerator  (GTA)  [10]  and  other  designs. 
By  comparison,  the  currents  and  beam  quality  required  here 
are  relatively  modest  and  the  front  end  should  perform 
adequately  at  substantially  higher  currents. 

B,  The  Side-Coupled  Linac 

The  SCL  is  required  to  operate  at  nearly  twice  the  peak 
current  (29.7  mA)  routinely  experienced  during  present 
operation  (13  to  17  mA).  However,  the  charge  per  rf  bucket  is 
actually  less  because  the  beam  frequency  is  doubled,  thus 
easing  the  beam-dynamics  stress.  Moreover,  the  peak- 
average  current  (19.3  mA  averaged  over  the  1.2-ms 
macropulse)  is  only  slightly  increased. 

It  remains  to  show  that  the  rapid  current  variation  during 
the  1 .49-MHz  chopping  cycle  does  not  affect  linac  operation. 
We  expect  that  the  rf  fields  in  the  SCL  tanks  will  experience 
cyclic  variations  of  about  1%  in  amplitude  and  0.3°  in  phase 
over  each  671-ns  chopping  cycle,  a  phenomenon  we  call 
"drop.”  Simulations  show  that  a  5%  amplitude  drop  would 
not  appreciably  affect  the  output  energy  or  beam  quality. 
Because  of  the  increased  power  flow  along  each  linac  module 
from  average  beam  loading,  the  field  at  the  tank  ends 
decreases  relative  to  that  at  the  rf-feed  point  in  the  presence  of 
beam.  This  "droop"  should  not  be  a  concern  because  of  the 
small  current  increase  from  proven  operation. 

To  validate  these  calculations  and  to  assess  general  linac 
robustness,  beam  experiments  on  the  linac  were  performed 
with  chopped  and  unchopped  beam  at  peak-current  levels  of 
up  to  27  mA  at  201.25  MHz.  A  droop  of  less  than  2%  was 
measured  at  each  end  of  a  211-MeV  module.  The  separate 
and  combined  effects  of  drop  and  droop  were  inferred  from 
AT  measurements.  In  accord  with  the  beam-dynamics 
simulations,  inappreciable  effects  were  seen  at  the 
experimental  current  levels. 

The  results  of  these  experiments  (which  included  testing 
of  new  adaptive  feed-forward  rf-control  techniques  developed 
for  GTA)  and  other  assessments  show  the  linac  to  be  very 
robust  for  the  1-MW  scenario.  Further  work  is  necessary  to 
elucidate  the  high  loss  rate  noted  for  H‘  beams  and  more 
sophisticated  tuning  algorithms  are  under  study.  At  peak 


currents  above  100  mA,  substantial  modifications  would  be 
required  to  prevent  deterioration  of  beam  quality.  These 
include  dividing  the  tanks  into  smaller  units  in  order  to 
increase  the  number  of  rf  feeds  and  decrease  the  focusing 
period. 

C.  Accumulator  ring 

The  proposed  accumulator  ring  [11]  has  a  doublet  lattice, 
is  racetrack  shaped  and  features  dispersionless  straight 
sections  for  extraction  and  a  chicane  region  that  places  the 
injection  point  outside  the  ring  body.  The  nominal  tunes  are 
4.23  and  5.19  and  the  maximum  beta  functions  are  16.62  m 
and  17.93  m  for  the  x  and  y  planes,  respectively.  Maximum 
dispersion  in  the  achromatic  arcs  is  7.70  m  with  a  momentum 
acceptance  of  ±1%.  The  ring  acceptance  is  maintained  at  33  k 
cm  mrad  for  a  nominal  beam  (laboratory)  emittance  of  15  7C 
cm  mrad. 

Particular  attention  was  paid  to  loss  mechanisms  that  have 
been  predominant  in  causing  activation  in  the  PSR.  Loss 
should  be  diminished  by  the  nature  of  the  lattice,  improved 
injection  matching,  and  larger  apertures.  Other  loss 
mechanisms  require  special  measures. 

A  particular  loss  mechanism  that  was  first  noted  on  the 
PSR,  and  must  play  a  role  in  any  foil- stripping  injection 
scheme,  involves  the  production,  by  the  foil,  of  neutral 
hydrogen  atoms  in  excited  states[12].  These  neutrals  then 
move  outside  the  ring  acceptance  due  to  subsequent  relative 
deflection  by  the  field  of  a  downstream  magnet;  most  are 
stripped  by  the  magnet's  field  and  are  lost  in  downstream 
areas.  For  the  PSR,  about  0.25%  of  the  injected  beam  is  thus 
lost.  A  mechanism  has  been  devised,  involving  placement  of 
the  stripper  foil  in  a  magnetic  field,  to  decrease  this  loss  by 
over  two  orders  of  magnitude  and  is  described  elsewhere  [13]. 

Scattering  of  the  injected  and  stored  beam  by  the  foil 
leads  to  inevitable  losses.  Nuclear  scattering  accounts  for 
some  15  nA  which  is  lost  immediately  downstream  of  the  foil. 
Coulomb  scattering  and  other  unspecified  sources  are  assumed 
to  lead  to  150  nA  of  loss,  A  series  of  collimators,  directly 
downstream  of  the  injection  section  and  with  magnetized  tips, 
have  been  devised  to  localize  this  loss  so  that  most  of  the  ring 
can  be  maintained  without  remote  handling.  The  ring 
momentum  acceptance  is  also  limited  by  a  collimator  in  a 
dispersive  arc.  Performance  of  a  first-order  collimator  scheme 
has  been  verified  by  simulations. 

Further  loss  mechanisms  are  linked  to  the  beam  formation 
process  and  the  detailed  beam  dynamics. 

The  longitudinal  injection  process  is  important  in 
maintaining  a  clear  gap  (-100  ns)  in  the  beam  for  rise  of  the 
extraction  kicker  and  in  achieving  a  maximum  bunching 
factor  (-0.6).  A  large  bunching  factor  is  important  in 
minimizing  the  space-charge  tune  shift,  hence  affecting  the 
number  of  particles  that  can  be  stored.  A  "barrier-bucket"  rf- 
bunching  waveform,  consisting  of  the  1. 49-MHz  fundamental 
and  four  harmonics,  is  selected  for  this  purpose.  The  bucket 
exerts  a  force  on  accumulated  particles  only  near  the  bucket 
extremes.  By  sweeping  the  injected-beam  energy  through 
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four  cycles  by  ±4  MeV  and  using  measured  results  for  the 
beam-energy  spread,  adequate  confinement  of  particles  can  be 
achieved,  but  with  a  resultant  rf-power  cost  of  over  1.5  MW  in 
the  13  ferrite-loaded  buncher  cavities.  With  this  arrangement, 
the  gap  remains  particle  free  to  the  lO""^  level  and  a  bunching 
factor  of  0.55  is  achieved. 

The  large  rf-power  requirement  is  inevitable  under  the 
assumptions  for  injected-beam  momentum  spread  but  is 
undesirable,  and  presents  a  large  longitudinal  impedance  to 
the  beam  because  of  the  large  number  of  cavities  needed.  The 
rf  power  may  be  reducible  by  rf-compaction  of  the  injected 
beam-energy  spread;  however,  the  beam  longitudinal  halo 
may  be  highly  nonlinear  and  not  amenable  to  such  measures. 
It  is  also  possible  to  reduce  the  rf  power  by  decreasing  the 
value  of  the  ring  transition  gamma  (yp),  at  the  possible  cost  of 
beam  stability.  Substantial  reduction  of  yp  is  only  possible  by 
abdicating  the  feature  of  the  dispersionless  straight  section 
that  contains  the  injection  chicane.  Thence,  the  injection¬ 
painting  scheme,  uncoupled  between  longitudinal  and 
transverse  planes,  must  be  forsaken  as  well  as  the  last  vestige 
of  ring  symmetry  in  the  second-order-achromat-configured 
arcs.  Our  initial  studies  conclude  that  high  rf-power  use  may 
be  necessary  to  maintain  an  acceptable  loss  budget. 

Maintenance  of  a  beam-free  gap  and  a  large  bunching 
factor  may  also  bear  on  the  problem  of  beam  stability.  A 
rapidly  rising  instability  has  been  observed  in  the  PSR  that 
presently  limits  PSR  peak  currents  [14].  The  effect  has  the 
signature  of  a  two-stream  instability  and  is  attributed  to  the 
presence  of  protons  in  the  extraction  gap,  from  insufficient  rf 
capture,  with  consequent  trapping  of  electrons.  Further 
exploration  of  this  instability  is  essential  to  any  new  facility. 

Transverse-beam  formation  is  accomplished  by  separate 
vertical  and  horizontal  bumps  using  four  pulsed  magnets  in 
each  plane.  The  achromatic  injection-transport  line  maintains 
the  injected  beam  at  a  constant  location  on  the  foil.  The  foil  is 
assumed  to  have  a  free  comer  and,  with  bump  sequencing  to 
produce  a  uniform  distribution,  less  than  10  encounters  with 
the  foil  will  be  experienced  on  average  by  each  injected 
particle.  The  bumps  are  maximum  at  the  start  of  injection  and 
relax  to  zero  at  the  end.  This  particular  injection  scheme 
produces  an  octupolar  distribution  in  the  beam  that  is  of 
consequence  in  the  beam  evolution.  Other  sequencing 
arrangements  under  consideration  can  grow  an  elliptical  beam, 
but  do  not  provide  an  immediate  tune  shift  to  the  operating 
point.  Foil  heating  is  substantial,  with  peak  temperatures 
approaching  2500  K;  experiments  are  called  for  to  determine 
foil  durability. 

The  beam  tune  shift  is  about  0.11,  to  a  region  of  tune 
space  that  is  free  of  low-order  resonances.  However,  the  tune 
spread  is  sufficiently  large  to  require  ring-chromaticity 
correction.  Resonance  correction  through  fifth  order  is 
planned  to  provide  ample  margin  in  tune  space.  The  lack  of 
supersymmetry  in  the  ring  is  not  seen  as  a  problem  during  the 
short  storage  time. 


IV.  A  LINAC-DRIVEN  LPSS 

The  Long-Pulse  mode  requires  1  MW  of  delivered  beam 
power  at  60  Hz  with  1-ms  macropulse  length,  implying  a 
peak  current  of  21  mA.  The  peak-current  and  duty  factor 
requirements  of  the  LPSS  are  hence  similar  to  those  of  the 
SPSS.  However,  we  have  considered  an  option  that  addresses 
near-term  reliable  low-beam-loss  operation,  with  substantially 
lower  cost  but  with  little  possibility  of  upgrading  to  provide 
higher  duty  factors  or  peak  current. 

The  present  LAMPF  linac  operates  very  reliably  with  low 
activation  at  peak  H"*"  currents  of  about  14  mA.  Beam  powers 
exceeding  1  MW  have  been  routinely  produced  at  120  Hz 
operation.  Hence  the  linac  is  currently  suitable  for  LPSS 
operation  at  about  0.6  MW.  However,  beam  loss  increases 
very  rapidly  with  peak  current  and  beam  loading  in  the 
201.25-  MHz  DTL  exceeds  the  capacity  of  the  rf  systems.  A 
study  [15]  shows  that  transient  loss  occurs  in  the  DTL  at  the 
start  of  the  macropulse  due  to  the  effective  speed  of  the  rf- 
control  loops.  Most  of  the  non-transient  loss  is  due  to  the 
longitudinal  beam  tails  injected  into  the  DTL  that  are  a 
consequence  of  initial  bunching  by  single-frequency  cavities 
in  the  low-energy  transport  line  before  the  DTL.  Additional 
loss  occurs  because  of  the  lack  of  longitudinal  matching  in  the 
transition  region  between  the  DTL  and  SCL. 

The  LPSS  study  has  proposed  the  changes  shown  in 
Figure  2.  The  changes  include  features  that  preserve 
capabilities  for  providing  beam  to  the  present  facilities, 
LANSCE  (with  possible  upgrades  to  60  Hz)  and  the  Weapons 
Neutron  Research  (WNR).  Both  facilities  utilize  H’  beam  and 
require  chopping.  The  suggested  changes  are: 

1)  Replace  the  present  injectors  and  DTL  first  tank  with  a 
201.25-MHz  Radio-Frequency  Quadrupole  (RFQ)  linac 
to  accelerate  to  an  energy  of  5.395  MeV.  The  H"*"  and  H" 
beams  are  focused,  chopped,  and  merged  by  a  new 
transport  line  at  100  keV,  before  the  RFQ.  A  two- 
buncher  matching  section  is  placed  after  the  RFQ.  This 
arrangement  produces  the  appropriate  transverse  and 
longitudinal  match  to  the  second  tank  of  the  DTL. 

2)  Replace  the  201.25  MHz  rf  system  with  a  new-tube 
version  that  will  produce  adequate  peak  and  average 
power. 

3)  Install  an  805-MHz  bucket-rotator  cavity  in  the 
transition  region  that  will  provide  a  good  longitudinal 
match  to  the  SCL. 

4)  Upgrade  the  low-level  rf-control  system  on  the  SCL 
for  operational  ease  and  removal  of  initial  transient  loss 
on  the  macropulse. 

5)  Provide  an  upgraded  set  of  beam-diagnostic  systems. 

6)  Provide  transport  to  the  LPSS  target 

7)  Install  a  laser  system  that  neutralizes  H“  beam  to 
provide  chopping  for  WNR  operation. 

8)  Provide  a  computer-control-system  upgrade  in  support 
of  the  modifications. 
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Figure  2  Schematic  layout  of  the  LAMPF  linac  after  modification  for  the  LPSS  mode. 


The  inherent  ability  of  the  RFQ  to  produce  cleanly 
bunched  beams,  along  with  excellent  matching  to  the  DTL 
eliminates  the  longitudinal  loss  while  an  adaptive  feed- 
forward-control  system  installed  on  the  805-MHz  SCL  rf 
system  controls  the  transient  loss.  A  peak-current  capability 
of  over  28  mA  is  expected  with  these  modifications,  limited 
by  the  rf  capacity  of  the  SCL.  Negligible  beam  losses  are 
expected. 

Requirements  for  LANSCE  and  WNR  operation  are  met 
by  two  separate  chopping  operations  of  the  H“  beam.  The  2.8- 
MHz  LANSCE  chopper  resides  in  the  100-keV  transport  line 
just  after  the  source.  Although,  as  previously  noted,  chopping 
is  difficult  in  this  region,  the  high  line  energy  and  low-peak 
current  (15  mA)  should  allow  successful  operation. 
Developmental  studies  are  under  way.  WNR  requires 
chopping  for  individual  micropulse  selection  at  5.6  MHz. 
Such  chopping  is  incompatible  with  the  RFQ  and  is  to  be 
done,  on  the  basis  of  previous  feasibility  studies,  at  800  MeV 
in  a  transport  line  by  the  neutralization  of  individual 
micropulses  in  the  LANSCE  macropulse. 

The  LPSS  target  is  to  be  located  in  Area  A,  some  100 
meters  directly  downstream  of  the  linac.  Area  A  currently 
contains  several  facilities  and  instruments  used  for  nuclear- 
physics  work.  These  will  be  removed  and  a  target,  surrounded 
by  a  monolith  shield  with  remote-target-handling  capabilities, 
installed.  The  proton  beam  strikes  a  7-cm-diameter  water- 
cooled  tungsten  target  horizontally  and  neutrons  are  delivered 
to  the  experimental  instrumentation  through  several  horizontal 
beamlines  that  penetrate  the  shield. 

Beam  is  transported  to  the  target  by  much  of  the  existing 
transport  line  with  a  30-m-long  final  expansion  region.  A 
novel  expander  incorporates  nonlinear  elements  to  produce  a 
hard-edged  beam  on  the  target  with  parabolic  profiles  from  the 
initially  gaussian-distributed  beam. 
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Sandia  National  Laboratories,  Albuquerque,  NM 


1.  ABSTRACT 

High  current  pulsed  accelerator  technology  was 
developed  during  the  late  60’s  through  the  late  80’s  to 
satisfy  the  needs  of  various  military  related  applications 
such  as  effects  simulators,  particle  beam  devices,  free 
electron  lasers,  and  as  drivers  for  Inertial  Confinement 
Fusion  devices.  The  emphasis  in  these  devices  is  to 
achieve  very  high  peak  power  levels,  with  pulse  lengths 
on  the  order  of  a  few  lO’s  of  nanoseconds,  peak  currents 
of  up  to  lO’s  of  MA,  and  accelerating  potentials  of  up  to 
10’ s  of  MV.  New  high  average  power  systems, 
incorporating  thermal  management  techniques,  are 
enabling  the  potential  use  of  high  peak  power  technology 
in  a  number  of  diverse  industrial  application  areas  such  as 
materials  processing,  food  processing,  stack  gas  cleanup, 
and  the  destruction  of  organic  contaminants.  These 
systems  employ  semiconductor  and  saturable  magnetic 
switches  to  achieve  short  pulse  durations  that  can  then  be 
added  to  efficiently  give  MV  accelerating  potentials 
while  delivering  average  power  levels  of  a  few  lOO’s  of 
kilowatts  to  perhaps  many  megawatts.  The  Repetitive 
High  Energy  Puled  Power  project  is  developing  short- 
pulse,  high  current  accelerator  technology  capable  of 
generating  beams  with  kJ’s  of  energy  per  pulse  delivered 
to  areas  of  1000  cm^  or  more  using  ions,  electrons,  or  x- 
rays.  Modular  technology  is  employed  to  meet  the  needs 
of  a  variety  of  applications  requiring  from  lOO’s  of  kV  to 
MV’s  and  from  lO’s  to  lOO’s  of  kA.  Modest  repetition 
rates,  up  to  a  few  lOO’s  of  pulses  per  second  (PPS),  allow 
these  machines  to  deliver  average  currents  on  the  order  of 
a  few  lOO’s  of  mA.  The  design  and  operation  of  the 
second  generation  300  kW  RHEPP-II  machine,  now  being 
brought  on-line  to  operate  at  2.5  MV,  25  kA,  and  100  PPS 
will  be  described  in  detail  as  one  example  of  the  new  high 
average  power,  high  current  pulsed  accelerator 
technology. 

IL  TECHNOLOGY  INTRODUCTION 

The  very  high  peak  power,  single-pulse  accelerators 
developed  during  the  early  60’ s  through  the  present  were 
designed  to  simulate  weapons  effects  (HERMES-III 
DECADE  )  or  as  drivers  for  the  Inertial  Confinement 
Fusion  program  (PBFA-I  PBFA-II  or  to  power 
beam  devices  (ATA  and  ETA-I  The  development  and 
commercial  availability  of  METGLAS  alloys  during  the 


early  80 ’s  allowed  the  development  of  a  new  class  of  high 
average  power  accelerator  that  is  capable  of  efficient 

4  (6) 

repetitive  operation  up  to  10  PPS  using 
semiconductors,  thyratrons,  and  saturable  core  magnetic 
switches.  The  saturable  switches  were  employed  in  the 

(7) 

ETA-II  accelerator,  were  investigated  for  use  on 

(g) 

PBFA-II  ,  and  are  now  employed  in  current  high 
average  power  systems.  The  Physics  International 

(9) 

Company  CLI A  accelerator  is  capable  of  high  power 
short  burst  mode  output,  to  120  kW.  The  short-pulse 
systems,  by  incorporating  thermal  management 
techniques  can  run  continuously  as  demonstrated  by 
the  Science  Research  Laboratories  SNOMAD-IV 
operating  at  38  kW  the  Sandia  RHEPP-I  operating  at 
120  kW  and  RHEPP-II  at  about  240  kW 
Application  development  can  follow  the  availability  of 
new  tools,  such  as  the  high  current  pulsed  accererators, 
and  these  high-power  systems  are  beginning  to  generate 
new  fields  of  commercial  interest.  This  paper  discusses 
some  of  the  application  issues  that  are  driving  the 
development  of  short-pulse,  high  current  machines  and 
the  modular  technology  approach  taken  in  the 
development  of  the  RHEPP  systems. 

III.  IDENTIFICATION  OF  SHORT-PULSE 
APPLICATION  REQUIREMENTS 

Short-pulse,  high  peak  power  technology  was  developed 
to  address  specific  military  single-pulse  threats  and 
involves  a  number  of  stages  of  pulse  compression  to 
deliver  the  lO’s  of  nanosecond  wide  output  pulses.  Short- 
pulse,  high  average  power  accelerators,  with  their  unique 
capabilities,  are,  in  general,  more  complex  than  other 
high  voltage,  high  average  power  technologies  such  as 
the  DC  Dynamitron  machines  from  Radiation  Dynamics 
Inc.  the  North  Star  Research  Corp.  Nested  High 
Voltage  Generator  (also  having  pulsed  output 
capabilities)  or  the  ELV  series  of  accelerators  from 
the  Former  Soviet  Union  (FSU)^^^\  The  new  short-pulse 
machines,  with  kJ’s  of  energy  per  pulse,  also  have 
capabilities  that  are  distinct  from  those  provided  by  high 
power  RF  machines  such  as  the  Atomic  Energy  Canada 

Ltd.  IMPELA  or  the  Ion  Beam  Applications 

(18) 

Rhodotron  .  These  presently  available  technologies, 
including  the  pulsed  SNOMAD-IV  accelerator,  rely  on 
output  beams,  at  1000  A  or  less,  that  are  a  few 
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millimeters  in  diameter  and  are  scanned  across  the 
product  under  treatment.  The  high  current  accelerators 
delivering  lO’s  of  kA  per  pulse,  with  kJ’s  of  beam  pulse 
energy,  offer  the  possibility  of  treating  100’ s  to  lOOO’s  of 
square  centimeters  per  pulse,  without  beam  scanning, 
depending  on  the  energy  per  unit  volume  required  by  the 
target  to  achieve  the  desired  internal  effects.  The 
required  beam  accelerating  potential,  for  any  of  the  above 
systems,  is  set  by  the  desired  energy  penetration  in  the 
target  material.  The  beam  penetration  sets  the  dose 
uniformity  in  the  target.  To  offset  the  cost  of  the  pulse 
compression  stages  in  the  short-pulse,  high  average 
power,  high  current  machines,  applications  must  be 
identified  that  require  some  combination  of  1)  high 
volume  or  mass  throughput,  2)  very  high  dose  levels,  3) 
high  dose  rates,  4)  large  area  uniform  beams,  5) 
radiochemistry  enhanced  by  short  pulses,  and  6)  short 
pulses  of  energy  to  allow  unique  non-equilibrium  material 
conditions.  Short-pulse  applications,  in  general,  are  non- 
thermal  processes  such  that  the  temperature  of  the  bulk 
treated  material  does  go  much  above  ambient  conditions. 
A  number  of  Ion  Beam  Surface  Treatment  (IBEST) 
applications  are  processes  that  offer  increased  surface 
hardness,  surface  smoothing,  increased  corrosion 
resistance,  specifically  because  of  the  short  energy 
deposition  and  melt  times  followed  by  rapid 
resolidification  through  thermal  diffusion  into  the  base 
material.  Continuous  commercial  applications  of  IBEST 
technology  to  treat  polymers  and  metals  will  require 
simple  and  reliable  short-pulse  repetitive  driver  systems 
operating  at  lOO’s  of  kW.  Some  organic  chemical 
decomposition  processes  can  be  enhanced  by  using  short 
pulses  with  high  dose  rates  and  large  total  dose 
Current  application  development  efforts  are  focusing  on 
identifying  and  demonstrating  basic  processes  that  can  be 
expected  to  improve  when  using  the  short-pulse  beam 
technology. 

IV.  HIGH  POWER,  HIGH  CURRENT 
SYSTEM  CONSIDERATIONS 

High  peak  power  capabilities  were  achieved  by 

(2) 

combining  very  high  voltages,  to  20  million  volts  ,  with 
very  high  current  handling  capabilities,  to  30  million 
amperes  .  High  voltage  operation  was  made  possible  by 
using  the  increase  of  dielectric  strength  of  various 
materials  and  interfaces  that  occurs  when  using  sub- 
microsecond  pulses  .  Pulses,  with  a  FWHM  of  a  few 
lO’s  of  nanoseconds  can  be  added  together  in 
transmission  line  structures,  with  or  without  magnetic 
blocking  cores  ,  to  efficiently  achieve  higher  voltages 
in  more  compact  structures  than  are  possible  with  directly 
switched  compression  schemes. 

A.  High  average  power  switching  techniques 


The  required  pulse  compression  in  the  high  peak  power 
accelerators  is  achieved  by  employing  switching 
techniques  in  the  pulse  compression  stages  based  on 
plasma  formation,  or  control,  between  metal  electrodes 
either  in  a  vacuum  or  immersed  in  a  gas  or  liquid 
insulant.  These  switching  techniques,  while  suitable  for 
single  pulse  or  low  repetition  rate  systems  are  difficult  to 
use  in  very  high  average  power  systems  because  the 
energy  deposited  in  the  insulant  during  the  transition  from 
high-to-low  impedance  results  in  electrode  damage  and 
erosion.  Saturable  core  magnetic  sxwitches,  first 

proposed  for  use  in  pulse  compression  lines  by  Melville 
(22) 

,  became  an  economically  viable  replacement  for 
plasma  switches  with  the  development  of  the 

METGLAS^  alloys  by  AlliedSignal  in  the  early  80’ s.  A 
prototype  magnetic  switch  that  operates  at  500  kW  in  the 
RHEPP  system  is  shown  in  Figure  1  with  oil  cooling 
manifolds. 


Figure  1.  Fifth  stage  RHEPP  250  kV  magnetic  switch, 


with  oil  cooling  manifold 

The  energy  lost  during  each  switching  cycle,  which 
requires  the  addition  of  cooling,  is  held  to  about  1%  in  the 
windings  plus  another  1%  in  the  alloy  core.  While  the 
switch  of  Figure  1  does  compression  on  the  microsecond 
time  scale,  similarly  wound  magnetic  switch  cores  are 
employed  in  a  coaxial  geometry  to  produce  the  60  ns 
FWHM  pulse  forming  line  output  pulses  at  250  kV,  130 
kA,  and  350  kW.  The  simplicity  of  the  basic  switch 
design  combined  with  the  low  energy  losses  during 
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switching,  allow  such  devices  to  pass  currents  greater 
than  1  MA  without  difficulty.  Magnetic  switch  volume 
can  be  shown  to  be  proportional  to  pulse  energy,  but 
practical  considerations  limit  the  operating  voltage  while 
operating  currents  and  pulse  risetimes  are  limited  by 
circuit  impedances. 

B.  High  average  power  voltage  multiplication 

The  high  pulse  current  capabilities  of  magnetic  switches 
can  be  combined  with  high-current  linear  induction 
voltage  adder  (LIVA)  technology  that  has  demonstrated 
operation  up  to  20  MV  and  700  kA  in  HERMES-III 
The  basic  adder  geometry  has  been  described  elsewhere. 
The  central  transmission  line  may  be  oil  insulated  as  in 
the  RHEPP-I  accelerator,  as  a  magnetically  insulated 
transmission  line  (MITL)  when  fields  are  sufficient  to 
cause  electron  emission,  or  as  a  vacuum  insulated  line 
when  fields  are  at  or  below  emission  thresholds  as  in 
RHEPP-II. 

V.  RHEPP-II  SYSTEM  DESIGN  AND 
OPERATION 

A.  Power  compression  to  the  microsecond  time  scale 

The  five  stage  magnetic  compressor  shown  in  Figure  2, 
previously  employed  on  the  RHEPP-I  system,  has  been 
modified  to  use  an  SCR  switcher  between  the  compressor 
and  a  DC  charged  energy  storage  capacitor,  rather  than 
the  fixed  120  Hz,  600  kW  Westinghouse  alternator  used 
in  the  previous  system 


MS7 

ouTpm- 


Figure  2.  Basic  RHEPP  pulse  compression  circuit 


This  change  was  dictated  by  the  desire  to  demonstrate 
applications  on  RHEPP-II  at  a  specified  pulse  repetition 
rate,  specified  total  number  of  pulses  (burst-mode),  and 
specified  total  dose.  The  variable  pulse  rate  also 
improves  the  conditioning  of  the  vacuum  insulated  LIVA 
transmission  line  and  cathode  holder.  This  5  stage 
modulator  has  a  measured  energy  transfer  efficiency  of 
approximately  85%,  includes  active  cooling  of  all 
components,  and  has  operated  for  several  hours  at  full 
power.  All  switches  are  high  power  semiconductors  or 
tape  wound  magnetic  switches  with  oil  cooling  channels. 
Similarity  of  construction  to  capacitors  should  allow 
long-life  reliable  operation,  however  this  has  not  yet  been 


quantified.  The  high  overall  system  efficiency  minimizes 
operating  costs  in  commercial  applications. 


B.  Fast  Blumlein  pulse  forming  line  operation 

The  5-stage  microsecond  compressor  charges  a 
magnetically  inverted,  water-filled  coaxial  Blumlein 
pulse  forming  line  (PFL)  also  shown  in  Fig.  2.  A 
magnetic  switch,  MS6  in  Fig.  2,  inverts  the  outer 
transmission  line  to  causing  500  kV  to  be  impressed  on 
the  final  output  switch.  The  magnetic  switch,  MS7  in 
Fig.  2,  forms  the  60  ns  wide  output  pulse  which  is 
delivered  by  50  coaxial  cables  to  the  10  stage  voltage 
adder  shown  in  Figure  3. 


Figure  3.  2.5  MV  RHEPP-II  voltage  adder 


C.  10  stage  linear  induction  voltage  adder 

Each  of  the  10  LIVA  cavities  are  fed  by  five,  44  ohm 
Dielectric  Sciences  cables  and  each  cavity  delivers  a 
250  kV  pulse  through  an  oil-vacuum  insulator  to  the 
center  transmission  line  stalk.  The  center  transmission 
line  operates  with  fields  below  300  kV/cm  so  that  it  is  not 
expected  to  operate  in  the  MITL  regime,  but  rather  as  a 
vacuum  insulated  transmission  line.  Inner  and  outer  wall 
B-dot  measurements  indicate  that  vacuum  electron  flow  is 
absent  after  very  few  pulses.  The  output  of  the  10  stage, 
80%  efficient,  voltage  adder  is  approximately  2.3  MV 
and  25  kA  in  a  60  ns  FWHM  pulse  at  up  to  100  PPS,  as 
set  by  the  primary  SCR  trigger. 

D.  Broad  area  e-beam  cathode  and  beam  measurements 

The  design  and  implementation  of  a  long-life  cathode 
structure  capable  of  emitting  25  kA  of  current  in  a  60  ns 
pulse  at  repetition  rates  of  up  to  120  PPS  could  pose  a 
difficult  problem.  Low  current  RF  accelerators  or  Linear 
Induction  Adders  (LIA’s)  typically  use  dispenser 
cathodes,  which  require  good  vacuum  conditions,  to 
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create  the  very  low  emittance  beams  that  propagate 
through  the  accelerating  structure 


Figure  4.  10  cm  by  100  cm  flashover  cathode  assembly 


With  the  single  accelerating  gap  approach  used  in  the 

RHEPP  machines,  field  emission  cathodes,  with  simple 

8 

construction,  have  demonstrated  lifetimes  of  about  10 

2 

shots  at  current  densities  of  about  25  A/cm  at  the 
Institute  of  High  Current  Electronics  in  Tomsk,  Russia. 
The  Rhepp-II  accelerator  uses  a  10  cm  by  100  cm 
cathode,  shown  in  Fig.  4,  that  matches  the  accelerator 
impedance  of  88  ohms  with  an  anode-to-cathode  gap  of 
20  cm. 
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Figure  5.  Measured  electron  beam  uniformity  10  cm 
below  the  foil  window  (10%  bands) 


The  preliminary  beam  uniformity  (measured  when  oil 
was  present  in  the  adder  and  diode  system)  is  shown  in 

Fig.  5.  The  measurement  were  made  by  an  array  of  63,  1 
2 

cm  radiochromic  film  dosimeters  that  were  located  in  a 
plane  10  cm  below  the  15  mil  titanium  beam  exit 
window.  The  dosimeters  were  mounted  in  a  rectangular 
beam  confinement  box,  at  atmospheric  pressure.  We  are 
characterizing  the  operation  of  this  system  in  both  the 
electron  beam  and  x-ray  modes  of  operation. 

E.  Operational  controls 

The  RHEPP  systems  are  designed  to  allow  the  acquisition 
of  experience  necessary  to  design  systems  capable  of 
operation  in  a  full  scale  production  plant.  The  required 
power  operating  costs  are  low  due  to  high  system 
efficiency  (50%  wall-plug-to-beam).  To  reduce 
manpower  costs,  we  have  simplifyied  and  integrated 
operational  aspects  around  low  cost  Programmable  Logic 
Controllers  (PLC’s)  which  use  simple  commands  from  a 
touch  screen  panel  to  set  all  accelerator  operating 
parameters.  This  aspect  of  the  accelerator 
implementation  is  still  in  the  early  stages  of  development 
but  we  are  already  experiencing  the  benefits  provided  by 
this  approach. 


Figure  6.  Programmable  Logic  Controller  operational 
center  for  the  RHEPP-II  system 


VL  CONCLUSION 


The  high  average  power,  high  current  pulsed  accelerator 
technology  development,  as  represented  by  the  RHEPP 
machines,  offers  new  opportunities  in  commercial 
applications.  The  short  pulses  can  deposit  energy  in 
specific  product  volumes  by  using  large  area  beams  of 
ions,  electrons,  or  x-rays  without  raising  the  temperature 
of  the  bulk  material.  This  non-thermal  deposition  gives 
rise  to  high  overall  system  efficiencies  because  only  the 
desired  effects  are  targeted  by  the  beam.  Ion  beam 
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treatment  of  surfaces  is  one  example  where  short  pulses 
can  cause  rapid  melting  and  re-solidification  for  increased 
hardness,  corrosion  etc.  Recent  demonstrations,  at 
greater  than  200  kW  average  power  and  2.5  MV  on  the 
RHEPP-II  accelerator,  offer  exciting  possibilities  for 
industrial  application  developments. 
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The  results  of  the  experiments  on  localized  space-charge 
waves  are  presented.  This  includes  the  generation  and 
propagation  of  space-charge  waves  in  coasting  beams,  the  end 
effect  on  space-charge  waves  in  bunched  beams,  and  the 
application  of  localized  space-charge  waves  to  beam 
diagnostics. 

1.  INTRODUCTION 

^  Space-charge  waves  are  an  important  subject  in  the  study 
of  charged  particle  beams  [1,2].  They  have  wide  applications 
in  microwave  and  free-electron  laser  generation,  in  particle 
accelerators,  and  in  plasmas.  The  topic  has  been  studied 
extensively.  Experiments  and  analyses  are  usually  carried  out 
with  sinusoidal  signals.  In  many  applications  like  in  particle 
accelerators,  space-charge  waves  are  often  generated  in  the  form 
of  localized  perturbations  due  to  short  time-scale  disturbances. 
For  understanding  of  beam  physics,  controlled  experiments 
with  localized  space-charge  waves  would  be  useful. 

We  have  studied  space-charge  waves  in  the  form  of 
localized  perturbations  in  space-charge  dominated  electron 
beams.  Three  topics  have  been  investigated,  including  the 
generation  of  space-charge  waves,  the  measurement  of  the 
geometry  factor  g,  and  the  effect  of  bunch  ends  on  space-charge 
waves.  These  studies  have  led  us  to  develop  a  new  beam 
diagnostic  technique. 

Our  experiments  are  performed  in  an  electron  beam 
transport  facility  consisting  of  a  short-pulse  electron  beam 
injector  and  a  five  meter  long  periodic  solenoid  focusing 
channel.  The  key  device  in  the  injector  is  a  gridded  electron 
gun  which  is  able  to  produce  the  desired  beam  parameters  with 
localized  perturbations.  The  beam  is  matched  with  three 
solenoids  into  the  transport  channel  consisting  of  36  short 
solenoid  lenses  with  a  period  of  13.6  cm.  The  beam  pipe  has 
a  radius  of  1.9  cm  and  the  beam  radius  is  less  than  1  cm 
depending  on  the  beam  current,  energy  and  focusing 
conditions.  The  diagnostic  tools  along  the  channel  include 
five  fast  wall-current  monitors  for  non-destructive  beam 
current  measurement,  and  three  beam  energy  analyzers  for  the 
time-resolved  beam  energy  measurement.  At  the  end  of  the 
channel  a  diagnostic  chamber  houses  a  beam  transverse  image 
identifier  and  a  beam  energy  spectrometer.  Typical  beam 
parameters  in  the  experiments  are:  beam  energy  of  2.5  keV 
to  5  keV,  beam  current  of  30  mA  to  70  mA,  transverse 
effective  emittance  (4  x  rms)  of  about  90  mm  mrad,  and  pulse 
length  of  30  to  70  ns.  The  beams  are  fully  space-charge 
dominated. 

IT  GENERATION  OF  LOCALIZED  SPACE- 
CHARGE  WAVES 
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Conventionally,  space-charge  waves  are  generated  in 
velocity  modulation  devices  always  in  pairs,  i.e.  both  slow 
wave  and  fast  wave  with  almost  the  same  amplitudes.  We 
have  demonstrated  that  with  the  introduction  of  a  current 
modulation  and  strong  enough  space-charge  effect,  either  a 
single  slow  wave  or  a  single  fast  wave  can  been  produced 
experimentally.  Combinations  of  the  two  waves  with 
different  amplitude  and  polarity  relations  can  also  be  generated. 
The  experimental  results  are  supported  by  a  more  complete 
time-domain  analysis  [3]. 

In  our  experiment  the  initial  perturbation  is  introduced  to 
the  beam  by  modulating  the  rectangular  cathode- grid  pulse 
with  a  small  bump.  This  corresponds  to  a  positive  velocity 
perturbation  on  the  beam  particles,  which  in  turn  produces  the 
initial  density,  and  current  perturbations.  The  space-charge 
waves  then  propagate  along  the  beam  in  the  form  of  localized 
perturbations.  The  relative  strength  of  the  initial  current,  or 
density  perturbation  over  the  given  velocity  perturbation  can 
vary  over  a  wide  range. 

Figure  1  shows  the  beam  current  waveforms  measured  at 
two  different  locations  along  the  transport  channel.  The  slow 
and  fast  waves  appearing  in  the  beam  current  signals,  are 
generated  in  almost  equal  amplitudes  and  opposite  polarities. 
The  two  space-charge  waves  become  more  and  more  separate 
from  each  other  with  distance  of  propagation.  This  effect  is 
what  is  usually  discussed  in  the  literature  about  generation  and 
propagation  of  space-charge  waves. 


Fig.  1 .  Beam  current  waveforms  with  perturbations  measured 
at  the  channel  distances  of  s=0.624  m  and  s=3.48  m, 
respectively  (s=0  is  the  cathode  position),  where  F  is 
for  the  fast  wave  and  S  is  for  the  slow  wave. 

Figure  2  shows  localized  space-charge  waves  produced 
with  initial  perturbation  conditions  different  from  that  in  Fig. 
1.  Only  one  fast  wave  with  a  positive  polarity  has  been 
generated  on  the  electron  beam  current,  which  propagates 
toward  the  beam  front.  By  contrast,  Fig.  3  shows  the  beam 
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current  waveforms  with  only  one  slow  wave,  which  has  a 
negative  polarity  and  propagates  toward  the  beam  tail.  Similar 
results  are  also  obtained  from  the  beam  energy  measurement. 
These  new  phenomena  happen  in  a  space-charge  dominated 
beam  and  require  specific,  initial  perturbation  conditions  on 
the  beam  parameters. 


Fig.  2.  Beam  current  waveforms  with  only  one  fast  wave, 
taken  at  the  same  locations  as  that  in  Fig.  1. 


Fig.  3.  Beam  current  waveforms  with  only  one  slow  wave  as 
measured  at  the  same  locations  as  that  in  Fig.  1. 


An  one-dimensional  cold  fluid  model  has  been  employed 
to  investigate  the  generation  of  localized  space-charge  waves  in 
time  domain.  The  analysis  shows  that  the  perturbed  beam 
line-charge  density  Aj,  velocity  Vi,  and  current  ij  are 


> 

o 

ft  "  1 

2  1 

■ 

.11 

> 

O 

A,' 

hi 

ft  ? . 

2  1 

> 

O 

n 

v^(z,t)=  + 


+ 


C, 

"l 


^0^ 


=-  -y 


1-^ 
V  ''o 


%-cj 


o; 


h  t- 


Here  h(t)  is  the  perturbation  waveform  with  an  amplitude  of 
unity,  the  subscripts  0  and  li  are  for  the  unperturbed  and 

initial  perturbation  amplitudes,  respectively,  and 
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is  the  speed  of  the  waves  in  the  beam  frame,  with  g  being  a 
geometry  factor  described  in  next  section.  The  condition  for 
generating  only  one  fast  wave  is 
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or 
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while  the  condition  for  producing  only  one  slow  wave  is 


The  wave  velocity  Cg  is  a  measure  for  the  effects  of  space 
charge  in  a  beam,  A  beam  with  a  large  Cs  reduces  the  required 
value  of  the  relative  current  perturbation  for  a  given  relative 
velocity  perturbation  in  a  practical  device.  Thus  Eqs.  (2)  and 
(3)  can  be  more  easily  satisfied  in  a  space-charge  dominated 
beam. 


III.  MEASUREMENT  OF  GEOMETRY  FACTOR 


The  geometry  factor  g  is  an  important  parameter  in 
longitudinal  beam  dynamics,  which  relates  the  longitudinal 
electric  field  associated  with  a  perturbation  in  a  beam  with  the 
line  charge  density  variation  as 


E,(z,  t)s- 


g  3A(z,  t) 


(4) 


For  a  cylindrical,  unbunched  beam  of  radius  a  in  a  pipe  of 
radius  b  the  g-factor  can  be  represented  by  the  general,  long- 
wavelength  formula 


g  =  21n  i  +  a 


(5) 


where  a  is  a  constant  for  which  different  values  (1,  0,5,  and  0) 
can  be  found  in  the  literature.  Neil  and  Sessler,  in  their 
original  work  [4],  treated  longitudinal  instabilities  of  coasting 
beams  in  particle  accelerators.  They  used  a  uniform-beam 
model  with  constant  radius  a,  and  derived  the  relation 


(6) 


1194 


with  r  being  the  radial  position  within  the  beam.  This 
relation  implies  that  the  g-factor,  as  well  as  the  field  E^,  is  a 
maximum  with  a=:l  on  the  axis,  and  reduces  parabolically  to  a 
minimum  with  a=0  on  the  beam  surface  with  r=a.  Averaging 
the  field  over  the  beam  cross  section  yields  a=0.5.  There  is 
another  model  in  unpublished  papers  which  yielded  a=0  by 
assuming  a  constant  volume  charge  density  and  perturbed 
beam  radius.  Hence,  there  is  the  question  as  to  which  value  of 
a  should  be  used.  Further,  the  question  also  concerns  some 
fundamental  beam  physics  such  as  the  correct  model,  the  field 
distribution  within  the  beams,  surface  wave  or  body  wave, 
incompressibility  of  plasmas,  etc. 

We  have  developed  a  novel  method  to  determine  the 
parametric  dependence  of  the  g-factor  associated  with 
longitudinal  perturbations  in  a  beam  [5].  In  this  technique, 
localized  space-charge  waves  are  launched  on  electron  beams  in 
a  periodic  solenoidal  focusing  channel  and  the  propagation 
velocities  of  these  waves  are  measured.  At  the  same  time,  the 
beam  radius  a  is  independently  measured  by  a  phosphor  screen 
plus  CCD  camera  technique.  This  leads  to  an  experimental 
determination  of  the  parametric  dependence  of  the  geometry 
factor  g  on  the  radius  a. 

As  shown  in  Fig.  1,  the  two  localized  space-charge 
waves  move  away  from  each  other.  The  time  interval  between 
the  two  waves,  which  can  be  measured  very  accurately  at 
different  locations  along  the  channel,  is  related  to  the 
traveling  distance  s  by 


Figure  4  plots  the  time  interval  of  the  two  space-charge  waves 
at  five  channel  locations  for  two  different  phase  advances  Cq. 
The  beam  energy  is  5  keV  and  the  beam  current  is  56  mA  in 
this  measurement.  A  least-square  fitting  of  the  experimental 
data  yields  At/s,  and  hence  the  wave  velocity  c^  according  to 
Eq.  (7);  using  this  value  of  Cg  one  can  determine  the  geometry 
factor  g  from  Eq.  (1). 


Fig.  4.  Time  interval  between  two  space-charge  waves  vs. 
drifting  distance  for  two  different  phase  advances  sq, 
as  measured  by  the  five  current  monitors.  The  solid 
lines  are  least-square  fitting  of  the  experimental  data. 


The  beam  radius  a  is  measured  by  the  phosphor  screen 
plus  CCD  camera  technique.  Using  the  two  independent, 
experimental  results  for  the  g-factor  and  the  beam  radius  a,  we 
plotted  the  g-factor  against  the  corresponding  beam  radius  in 
the  form  of  ln(b/a)  for  different  experimental  conditions  as 
shown  in  Fig.  5.  A  least-square  fitting  of  these  data  yields  the 
relation  of  the  g-factor  as  a  function  of  the  beam  radius  a, 
suggesting  the  correct  formula  for  the  g-factor  is  g=21n(Z?/«), 
i.e.  oc=0. 


Fig.  5.  The  measured  g-factor  vs.  ln(^/a).  A  least  square 
fitting  of  the  experimental  data  yields  g«2.01  \n(b/a)- 
0.01,  suggesting  the  correct  formula  g=2  ln(b/a)  as 
indicated  by  the  solid  line. 

Our  experimental  result  agrees  with  the  model  which 
assumes  a  constant  volume  density  and  perturbed  beam  radius. 
In  space-charge  dominated  beams  the  perturbed  electrical  field 
within  the  beam  is  independent  of  the  radial  position.  Though 
the  volume  charge  density  remains  constant,  the  line  charge 
density  varies  with  perturbation  due  to  the  change  of  the  beam 
radius.  The  perturbations  do  not  compress  the  beam  plasma 
density  in  this  case.  However,  it  is  inappropriate  to  apply  the 
surface  wave  concept  since  the  perturbed  field  does  penetrate 
through  the  whole  medium. 

IV.  BUNCH  END  EFFECT  ON  SPACE-CHARGE 
WAVES 

The  effect  of  bunch  ends  on  space-charge  waves  is 
important  for  the  understanding  and  analysis  of  longitudinal 
instabilities  in  particle  accelerators  where  perturbations  often 
reach  beam  bunch  ends.  It  is  essential  to  know  if  the  fast 
waves  reflect  off  bunch  front  ends  and  become  the  slow  waves, 
and  vice  versa.  The  previous  studies  on  this  subject  included 
some  theoretical  work  and  computer  simulations  [6-9], 
showing  the  reflection  off  parabolic  bunch  ends,  defined  as  the 
vanishing  density  points.  We  have  conducted  an  experiment 
to  study  the  end  effect  with  an  initially  rectangular  electron 
bunch  [10].  The  beam  "end"  here  is  referred  to  as  the  boundary 
between  the  flat  region  and  the  finite  edge,  quite  different  from 
the  vanishing  density  point  in  previous  work. 

The  experiment  is  performed  in  a  similar  way  as  in  the 
generation  of  space-charge  waves,  and  in  the  measurement  of 
the  geometry  factor  g.  However,  the  initial  perturbation  is 
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placed  very  close  to  the  bunch  ends.  The  initial  test  is  done 
with  two  waves  launched  close  to  the  beam  real  end.  The 
reflection  of  the  slow  waves  is  observed.  In  order  to  increase 
the  signal  to  noise  ratio,  a  single  fast  wave  close  to  the  beam 
front  end  is  employed.  Figures  6  (a~c)  show  the  measured 
beam  current  signals  from  the  first  three  fast  wall-current 
monitors.  Each  figure  contains  three  scope  traces:  the  top 
one  is  the  beam  current  waveform  without  perturbation,  the 
middle  one  is  the  beam  current  at  the  same  conditions  except 
that  the  perturbation  is  added,  the  bottom  one  is  the  difference 
between  those  two  signals  and  represents  the  net  perturbation 
signal  on  the  beam.  The  ordinate,  which  has  a  conversion 
factor  of  about  0.5  mA/mV  (slightly  different  for  each  current 
monitor),  is  for  the  bottom  traces  only.  The  abscissa  shows 
the  relative  time  scale  of  the  three  wall-current  monitor  signals 
along  the  channel.  In  Fig.  6(a)  the  signals  are  from  the  first 
current  monitor  which  is  s=0.624  m  from  the  electron  gun. 
The  beam  energy  is  5  keV,  the  average  beam  current  is  52 
mA,  and  the  full  width  at  half  maximum  (FWHM)  of  the 
pulse  is  38.2  ns.  The  current  perturbation  signal  has  a  total 
width  of  about  6  ns  and  an  amplitude  of  5.7  mA  which  is  1 1% 
of  the  beam  current.  The  peak  of  the  perturbation  is  about  3.5 
ns  away  from  the  beam  front  "end",  defined  here  as  the  turning 
point  from  the  flat  region  to  the  rising  edge,  while  the  wave 
front  of  this  wave  packet  is  already  very  close  to  the  beam 
front  end.  This  is  a  single  fast  wave  which  would  keep  its 
shape  as  long  as  it  stays  in  the  flat  region  of  the  beam  pulse. 
The  second  wall-current  monitor  at  s=2.39  m  sees  two 
perturbation  peaks  separated  by  6.2  ns,  as  shown  in  Fig.  6(b). 
This  is  caused  by  the  splitting  of  the  incident  fast  wave  on  the 
beam  front  end,  which  happens  somewhere  between  the  first 
and  second  current  monitors.  The  peak  on  the  left,  i.e.  the 
transmitted  wave,  has  an  amplitude  of  about  3.1  mA  and  has 
moved  down  the  front  edge,  while  the  peak  on  the  right,  i.e. 
the  reflected  wave,  has  an  amplitude  of  2.3  mA  and  moves 
back  towards  the  beam  center.  The  sum  of  these  two  peaks  is 
close  to  the  single  fast  wave  amplitude  in  Fig.  6(a).  Figure 
6(c)  shows  the  signals  from  the  third  current  monitor  at 
s=3.48  m  where  the  time  interval  between  the  two  peaks  has 
increased  to  8.6  ns.  The  fourth  and  fifth  current  monitors  see 
similar  pictures  with  even  larger  separation  times  of  the  two 
peaks. 

The  propagation  speed  of  space-charge  waves  can  be 
measured  with  the  beam  current  signals.  For  the  reflected  and 
transmitted  waves  in  this  experiment  their  speeds  are  measured 
with  respect  to  the  beam  center  which  can  be  determined  by 
the  time-of-flight  technique.  The  results  are  plotted  in  Fig.  7 
where  t=0  represents  the  beam  center,  the  stars  are  for  the 
reflected  wave,  and  the  dots  are  for  the  transmitted  wave.  For 
the  reflected  wave  the  least  square  fitting  yields  t  (ns)  =  13.0- 
1.46s  (m),  while  for  the  transmitted  wave  t  (ns)  =  11. 7+1 .49s 
(m).  The  speed  v  of  these  two  waves  in  the  beam  frame  can 
be  calculated  from  the  relation 

dt  _  V 

*  ,  (8) 

where  vq  is  the  beam  center  velocity  in  the  lab  frame.  In  this 
measurement  the  speed  of  the  reflected  wave  is  about  2.38 
mm/ns,  the  speed  of  the  transmitted  wave  is  about  2.43 
mm/ns. 


Fig.  6.  Evolution  of  a  fast  wave  around  the  beam  front  end: 

(a)  A  single  fast  wave  before  reaching  the  beam  front 
end,  measured  at  s=0.624  m; 

(b)  Transmitted  and  reflected  waves  as  measured  at 
s=2.39  m; 

(c)  Transmitted  and  reflected  waves  as  measured  at 
s=3.48  m; 
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V.  BEAM  DIAGNOSTICS  WITH  LOCALIZED 
SPACE-CHARGE  WAVES 


Distance  (m) 


Fig.  7.  Time  interval  between  transmitted  wave  and  beam 
center  (dots),  and  between  reflected  wave  and  beam  center 
(stars). 


It  is  well  known  that  an  initially  rectangular  bunch  suffers 
edge  erosion  due  to  the  strong  space-charge  force  at  the  beam 
edges  [11,  12].  The  top  of  both  beam  edges  moves  into  the 
flat  region  with  a  speed  Cs  and  the  bottom  of  the  edges  moves 
outwards  with  a  speed  2cs,  where  Cg  is  determined  by  Eq.  (1). 
For  space-charge  dominated  beams,  Cs  is  a  significant  fraction 
of  the  beam  center  velocity  vq,  and  the  edge  erosion  is  very 
rapid.  The  experimental  parameters  yield  the  speed  Cg  of  2.30 
mm/ns.  In  the  calculation  we  use  for  the  geometry  factor  the 
value  g=21n(Z?/a)=2.6,  determined  in  Section  III.  Thus,  the 
three  speeds,  namely,  the  speed  of  the  transmitted  wave,  the 
speed  of  the  reflected  wave  and  the  beam  edge  erosion  speed  Cg 
have  approximately  the  same  values  from  this  measurement. 

A  dynamic  model  based  on  beam  impedance  matching  has 
been  developed  [10]  and  the  analysis  shows  that  under  the 
condition 


k>  > 


X 
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where  Zr  is  the  beam  edge  length  and  X  is  the  perturbation 
wavelength,  no  reflection  should  occur.  On  the  other  hand,  if 
the  edge  length  Zf  is  negligibly  smaller  than  X/n,  full 
reflection  should  occur.  In  the  general  situation  between  these 
two  extremes,  there  should  be  partial  reflection  and  partial 
transmission  at  the  bunch  end.  The  reflection  coefficient  can 
be  calculated  according  to  this  model. 

In  the  experiment  the  dependence  of  the  reflected  wave 
amplitude  on  the  length  of  the  front  edge  is  qualitatively 
observed.  When  the  initial  perturbation  is  far  away  from  the 
front  end,  the  reflection  is  hardly  seen  in  the  experiment  since 
the  front  edge  is  too  long  due  to  the  edge  erosion  by  the  time 
the  perturbation  reaches  the  end.  There  is  also  experimental 
evidence  showing  that  the  amplitude  of  the  reflected  wave  is 
significantly  higher  than  the  transmitted  wave  amplitude  when 
the  initial  perturbation  is  very  close  to  the  front  end  so  that 
the  reflection  happens  with  a  short  front  edge. 


Through  the  study  of  the  generation,  propagation,  and  the 
bunch  end  effects  of  space-charge  waves,  a  new  beam 
diagnostic  technique  with  localized  perturbations  has  been 
developed  [13].  Unlike  the  conventional  approach  with 
sinusoidal  waves,  a  measurement  of  the  propagation  of 
localized  space-charge  waves  in  beam  current  or  energy  signals 
directly  yields  the  propagation  speed  Cg  of  the  perturbations 
according  to  Eq.  (7).  Thus,  the  geometry  factor  g  can  be 
calculated  according  to  Eq.  (1)  after  Cs  is  determined.  For  a 
space-charge  dominated  coasting  beam  the  average  beam  radius 
can  then  be  calculated  by  g=21n(b/a).  This  provides  a  non¬ 
destructive  method  to  diagnose  beam  size  in  high-current 
accelerators  and  transport  channels.  The  measurement  of  the 
reflection  of  localized  space-charge  waves  is  demonstrated  in 
Section  IV.  The  other  measurements  with  localized  space- 
charge  waves  include  the  longitudinal  space-charge  wave 
impedance  and  longitudinal  instability,  etc.  The  details  of  this 
measurement  is  reported  else  where  [14]. 
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ABSTRACT 

Nanosecond  Pulsed  Power  provides  the  unique 
capability  to  deliver  high  energy  and  high  power  at  low 
cost  and  high  efficiency.  One  important  application  of 
this  technology  is  to  the  generation  of  intense,  high- 
energy  laboratory  X-ray  sources  using  magnetically 
driven  implosions.  Saturn  generates  -500  kilojoules  of 
x-rays  using  this  process.  This  paper  presents  a  detailed 
design  concept  for  a  -15  MJ  laboratory  X-ray  source 
and  discusses  the  resultant  capabilities  for  high  energy 
density  physics  studies. 


kinetic  energy.  The  kinetic  energy  is  finally  converted 
into  radiation  energy  in  the  final  stage  when  the  plasma 
stagnates  near  the  axis  of  implosion.  The  magnetic 
energy  stored  near  the  load  region  continues  to  drive  the 
collapsed  plasma,  producing  additional  radiation.  The 
total  X-ray  energy  produced  can  thus  exceed  the  kinetic 
energy  in  the  implosion.  Since  the  implosion  system 
represents  an  additional  power  compression  stage,  the 
prompt  radiation  pulse  can  be  several  times  shorter  than 
the  driving  current  pulse.  The  entire  power 
compression/energy  conversion  process  can  also  be  very 
efficient  [3]. 


INTRODUCTION 

The  Particle  Beam  Fusion  Accelerator-II  (PBFA-II)  was 
built  at  Sandia  National  Laboratories  in  1985  as  part  of 
the  national  ICF  program  [1]  and  is  the  highest  power 
accelerator  in  the  world  today.  Saturn  was  built  in  1987 
[2]  and  is  used  as  an  intense  source  of  -1  MV 
bremsstrahlung  radiation.  It  is  also  used  as  the  power 
source  for  fast  magnetically  driven  implosions  and 
generates  -0.5  MJ  of  X-rays  in  this  mode. 

The  generation  of  these  intense  X-ray  pulses  can  be 
described  in  terms  of  the  four  stage  process  shown  in 
Figure  1. 


Progress  in  the  field  has  been  limited  by  problems 
associated  with  control  of  instabilities  in  the  imploding 
plasma.  However,  the  advent  of  fast  pulsed  power 
drivers  in  the  1980s  has  led  to  fundamental  change  and 
to  rapid  progress.  An  analysis  of  the  scaling  of  MHD 
instabilities  in  imploding  plasma  lines  by  Hussey,  et  al. 
[4]  shows  that  the  Rayleigh-Taylor  instability  dominates 
in  the  worst,  most  unstable  implosions.  The  result  is 
that  short  high-temperature  radiation  pulses  can  be  more 
readily  obtained  using  shorter  implosion  times.  The  use 
of  high-power,  short-pulse  generators  to  drive  plasma 
implosions  shifts  the  problem  emphasis  from  control  of 
plasma  instabilities  towards  the  design  of  reliable,  high- 
efficiency,  fast-pulsed  power  accelerator  systems. 


Pulsed  Power  Generator  Power  Convergerca 


StagnaAoa'Rsdiation 


II 


Current  Drrre 


Fig  1 .  The  four-stage  process  for  magnetically  driven 
implosions. 

Individual  high  electrical  pulses  are  first  produced  by  a 
large  number  of  pulsed  power  generator  modules.  The 
current  pulses  from  these  modules  are  added  in  the 
second  stage  and  delivered  to  a  cylindrical  plasma  load 
located  at  the  center  of  a  vacuum  test  chamber.  During 
the  third  stage,  the  magnetic  forces  generated  by  the 
drive  current  cause  the  plasma  to  implode  converting  the 
electrical  energy  into  particle 


THE  JUPITER  FACILITY 

Figure  2  shows  a  concept  for  the  proposed  -15  MJ 
Jupiter  laboratory  X-ray  facility. 


Fig  2.  Concept  for  the  proposed  -15  MJ  Jupiter 
laboratory  X-ray  facility. 

The  driver  consists  of  -30  pulsed  power  generator 
modules  based  on  the  inductive  voltage  adder 
technology  [5]  that  has  proven  to  be  robust  and  very 
reliable  on  the  Hermes  III  facility  [6]  at  Sandia  National 
Laboratories.  In  this  concept  the  outputs  from  the 
individual  generator  modules  are  added  in  parallel 
within  a  central  vacuum  chamber  and  the  summed  pulse 
is  fed  to  a  Z-pinch  load  located  at  the  chamber  axis. 
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The  Jupiter  pulsed  power  generator  module  is  shown  in 
Figure  3. 


Fig  3.  Drawing  of  the  Jupiter  pulsed  power  generator 
module. 

It  consists  of  a  four-stage  inductive  voltage  adder  with 
four  pulse  forming  lines  (PFLs)  feeding  each  of  the 
stages  (submodules).  The  generator  module  thus 
delivers  four  times  the  voltage  and  four  times  the  current 
produced  by  an  individual  PFL.  One  of  the  Jupiter  PFL 
modules  delivers  roughly  the  same  voltage  and  half  the 
power  as  one  PBFA-II  PFL  module.  The  chosen 
architecture  is  highly  modular  and  the  design  requires 
little  extrapolation  in  peak  performance  over  what  has 
been  achieved  at  the  component  level  on  existing  pulsed 
power  facilities.  The  principal  challenge  for  the  chosen 
generator  concept  is  in  our  ability  to  execute  a  design 
that  meets  the  high  operational  reliability, 
reproducibility,  and  the  life  cycle  costs  desired  for 
Jupiter.  Our  plans  are  to  complete  construction  of  an 
advanced  pulsed  power  module  testbed  by  the  end  of 
FY96  and  to  develop  the  requisite  integrated 
performance  capability  using  this  facility.  This  testbed 
will  thus  enable  us  to  validate  component  design 
criteria,  evaluate  fault  modes,  establish  the  dynamic 
range  for  reliable  system  operation,  and  determine  the 
service  and  maintenance  requirements.  Results  will  be 
integrated  into  a  comprehensive  system  design  study  for 
Jupiter. 

The  major  uncertainty  in  this  effort  pertains  to  our 
ability  to  scale  the  Z-pinch  to  the  power  and  energy 
levels  specified  for  Jupiter.  Jupiter  will  provide 
implosion  times  ranging  from  <100  ns  to  -500  ns  to 
minimize  concerns  about  Z-pinch  plasma  instabilities.. 
The  implosion  time  flexibility  is  provided  by  the  pulse 
forming  system.  Each  of  the  four  submodules  shown 
consists  of  a  -755  kilojoule  Marx  generator,  a  two-stage 
water-dielectric  pulse  forming  system,  and  a  high  power 
induction  cell.  All  of  the  pulse  compression  stages  in 
this  design  use  SFg  insulated  high  voltage  gas  switches 
for  increased  efficiency  and  reliability.  The  submodules 
will  each  deliver  3. 3-4.0  TW  at  -2.5  MV  depending  on 
the  ultimate  performance  that  can  be  reliably  achieved. 
The  submodule  is  the  basic  pulse  forming  building  block 


and  its  output  is  synchronized  to  within  a  few  ns  by  a 
laser  triggering  system.  The  generator  module  will 
deliver  a  13-16  TW  output  pulse  with  a  nominal  FWHM 
of  -100  ns  and  a  total  energy  of  1.2- 1.5  MJ.  Jupiter 
will  consist  of  30-36  of  these  modules  arranged  in 
parallel  around  a  central  target  chamber.  Longer 
implosion  times  are  provided  by  shorting  out  the  second 
stage  of  the  water-dielectric  pulse  forming  system.  The 
induction  cells  are  designed  to  contain  sufficient  core 
material  to  allow  for  the  longer  volt-seconds  required  in 
this  mode. 

The  output  from  each  of  the  generator  modules  will  be 
delivered  to  the  central  target  chamber  via  long  self- 
magnetically  insulated  vacuum  transmission  lines 
(MITLs).  Results  of  a  study  on  the  design  of  the 
inductive  voltage  adder  and  transport  down  these  long 
MITLs  is  presented  by  M.  G.  Mazarakis  in  the 
proceedings  of  this  conference  [7].  A  coaxial  to  double¬ 
triplate  disk  feed  transition  section  at  the  periphery  of 
the  target  chamber  combine  the  individual  current  pulses 
[as  shown  in  Figure  4].  Power  flows  down  the  triplate 
MITLs  to  post-hole  convolutes  located  within  a  few 
centimeters  of  the  chamber  axis.  These  convolutes 
deliver  the  power  to  a  single  cylindrical  Z-pinch  load  on 
axis. 


Fig  4.  Sectional  view  of  power  flow  feeds  within  the 
central  vacuum  chamber. 


PBFAII-Z 

PBFA II-Z  will  provide  a  Z-pinch  drive  capability  to 
PBFAII.  It  will  enable  20-25  MA,  -100  ns,  1.5-2.0  MJ 
implosion  experiments.  This  capability  should  be 
available  by  the  Fall  of  1996.  The  PBFAII-Z 
experiments  will  validate  our  understanding  of  vacuum 
power  flow  through  convolutes  and  of  Z-pinch 
implosion  dynamics.  It  will  represent  a  half-way  step 
between  Saturn  and  Jupiter  and  will  provide  the 
necessary  confidence  for  scaling  to  Jupiter  parameters. 

SUMMARY  AND  CONCLUSIONS 

Magnetically  driven  implosions  using  fast  pulsed  power 
generators  form  the  basis  for  a  growing  international 
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collaboration  on  high-power,  high-energy  laboratory  X- 
ray  sources.  Advances  in  nanosecond  pulsed  power 
technology  in  the  past  decade  have  enabled  the 
development  of  intense  pulsed  X-ray  sources  with  an 
overall  capacitor  to  X-ray  conversion  efficiency  of  15- 
20  percent.  Experiments  performed  by  a  collaboration 
of  U.S.,  U.K.,  and  CIS  scientists  on  Saturn  at  Sandia 
National  Laboratories,  and  on  Angara  V  at  Trinity  will 
be  extended  to  PBFAII-Z  which  should  provide 
radiation  outputs  of  1. 5-2.0  MJ.  The  proposed  Jupiter 
facility  will  extend  that  capability  to  *-15  MJ. 
Extrapolation  of  hohlraum  results  obtained  to  date  show 
that  temperatures  >  200  eV  could  eventually  be  achieved 
on  Jupiter.  It  will  provide  an  unparalleled  capability  for 
ICF,  high  energy  density  physics  and  radiation  effects 
science  experiments. 
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ABSTRACT 

We  present  a  preconceptual  design  for  a  500-TW  pulsed 
power  accelerator  capable  of  delivering  15-MJ  kinetic  energy 
into  an  imploding  plasma  radiation  source  (PRS).  The 
HERMES-III  technology  of  linear  inductive  voltage  addition  in 
a  self-magnetically  insulated  transmission  line  (MITL)  is 
utilized  to  generate  the  8-10  MV  peak  voltage  required  for  an 
efficient  plasma  implosion.  The  50-  to  60-MA  current  is 
achieved  by  utilizing  many  accelerating  modules  in  parallel. 
The  modules  are  connected  to  a  common  circular  convolute 
electrode  system  in  the  center  of  which  is  located  an  imploding 
foil  plasma  radiation  source.  This  accelerator  produces  no 
electron  beam  since  the  total  current  from  the  voltage  addas 
(IV As)  to  the  inductive  load  flows  on  the  surface  of  metallic 
conductors  or  nearby  in  the  form  of  electron  sheath. 

In  this  paper  we  outline  the  accelerator’s  conceptual  design 
with  emphasis  on  the  power  flow  and  coupling  to  the 
inductive  load  of  the  center  section  of  the  device. 

INTRODUCTION 

The  proposed  pulsed  power  accelerator  (Fig.  1)  is  based  on 
the  successful  HERMES-III  [1]  technology  developed  at 
Sandia  during  the  last  ten  years  in  collaboration  with  Pulse 
Sciences  Inc.  Each  of  the  30  modules  of  Figure  1  are  similar 
to  HERMES  III.  This  technology  is  fairly  simple  and  couples 
the  self-magnetically  insulated  transmission  line  (MITL)  [2] 
principle  with  that  of  the  induction  linac  [3]  to  generate  a  new 
family  of  linear  induction  accelerators,  which  we  call  linear 
inductive  voltage  adders.  In  these  accelerators,  the  particle 
beam  which  drifts  through  the  multiple  cavities  of 
conventional  induction  linacs  is  replaced  by  a  metal  conductor 
which  extends  along  the  entire  length  of  the  device  and 
effectuates  the  voltage  addition  of  the  accelerating  cavities. 
These  devices  can  operate  in  either  polarity  to  produce  negative 
or  positive  voltage  pulses.  In  a  negative  polarity  voltage  aider 
(Fig.  2),  the  center  conductor  is  negatively  charged  relative  to 
the  outer  conductor  which  is  interrupted  at  regular  intervals  by 
the  cavity  gaps.  The  PRS  accelerator  voltage  adder  is  negative 
polarity. 

The  selected  number  of  modules,  30,  is  a  trade-off  between 
cost,  manufacturing  capabilities,  and  operalons  flexibility. 
An  inductive  voltage  adder  coupling  more  than  ~  2.5-MA  can 
be  very  large  and  cumbersome,  requiring  special  and  expensive 
manufacturing  tools  to  machine  the  various  components.  In 
addition,  the  radial  gaps  of  the  self-magnetically  insulated 
voltage  adder  become  very  small,  which  in  turn  increases  the 


probability  for  fast  neutral  atom  closure  [4],  for  the  desired 
100-ns  FWHM  pulses. 


Figure  1.  Top  view  of  the  PRS  multimodular  accelerator 
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Figure  2.  Schematic  diagram  of  the  PRS  accelerator  voltage 
adder.  It  is  of  negative  polarity.  There  is  a  total  of 
30  voltage  adders  in  the  device. 
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Table  I 


anode  " 


voltage 

adder 

segment 

• 

1 

distance 
from  ground 
plate 
z[m] 

segment 

voltage 

Vi  [MV] 

cathode 

radius 

ri  [cm] 

operating 

impedance 

Zi  [Q] 

vacuum 

impedance 

Zi[Q] 

1 

0.30  - 1.98 

1 

in 

37.0 

1.11  - 1.16 

1.6 

2 

1.98  -  3.65 

4-5 

36.1 

2.22  -  2.28 

3.08 

3 

3.65  -  5.33 

6-7.5 

35.3 

3.33  -  3.41 

4.42 

4 

5.33  -  7.00 

8-10 

34.6 

4.44  -  4.54 

5.62 

ACCELERATOR  DESIGN 

All  the  30  modules  in  the  accelerator  are  identically 
composed  of  a  four-stage  voltage  adder  and  an  extension  MITL. 
The  voltage  addsr  is  5.6-m  long  and  contains  4  inductively 
isolated  cavities.  Each  cavity  can  withstand  ~  2.5  MV  for  a 
100-ns  FWHM  sine  squared  pulse  shape.  Table  I  summarizes 
the  axial  and  radial  dimensions  of  the  voltage  adder  as  well  as 
the  vacuum  and  operating  impedances  for  two  cavity  operating 
points:  2  MV  and  2.5  MV.  Those  correspond  respectively  to 
430-TW  and  660-TW  total  accelerator  power.  Each  module 
delivers  approximately  the  same  power  as  HERMES  III  (16 
TW);  however,  the  voltage  is  half  as  large  and  the  current  more 
than  double. 

Due  to  their  radial  dimensions,  the  voltage  adders  cannot 
be  brought  close  to  the  load;  therefore,  long  extension  self- 
magnetically  insulated  transmission  lines  (MITLs)  are  required 
to  transfer  and  converge  the  power  to  the  load.  In  the  present 
design  this  length  is  11.3  m.  There  are  advantages  wd 
disadvantages  to  the  utilization  of  long  MITLs.  It  is  our  belief 
that  the  advantages  outweigh  the  disadvantages.  For  instance, 
the  erosion  energy  losses  are  compensated  for  by  the  flexibility 
of  the  voltage  adder  time  isolation  from  the  load.  For  most  of 
the  pulse  duration,  the  load  impedance  seen  by  the  voltage 
adda*  equals  its  self-limited  operating  impedance  despite  the 
fact  that  the  actual  load  inq)edance  can  be  up  to  ten  times 
higher. 

POWER  FLOW  STUDIES 

Figure  3  shows  one  of  the  TWOQUICK  [5]  PIC  code 
simulations  used  to  validate  the  design,  modeling  one  module 
with  a  six-meter  long  MITL.  The  accelerator  center  section 
(transition  convolute  and  imploding  plasma)  is  simulated  by  a 
coaxial  cylindrical  box  whose  inductance  is  30  times  larger 
than  the  actual  inductance  seen  by  the  30  parallel  modules. 
The  end  plate  of  the  coaxial  line  simulates  the  imploding 
cylindrical  foil.  The  electron  map  is  for  180  ns  after  the 


beginning  of  the  pulse,  coincident  with  the  2.1-MA  maximum 
current  through  the  load.  The  energy  coupled  into  the 
inductive  load  is  L  l\J2  =  630  kJ  out  of  a  total  of  1,090  kJ 
energy  input  into  the  voltage  adder,  yielding  a  system 
efficiency  of  58%.  The  simulation  in  Fig.  4  was  performed  to 
find  the  total  energy  loss  in  the  1 1.3  MITL.  The  voltage  adder 
is  not  included;  however,  its  voltage  output  (Fig.  5)  was  used 
as  input.  The  output  voltage  pulse  is  shown  in  Fig.  6.  The 
60-ns  erosion  of  the  leading  edge  corresponds  to  92-kJ  lost. 
Besides  the  pulse  shortening  by  ~  60  ns,  there  is  a  small 
energy  loss  (20  kJ)  in  the  main  body  of  the  pulse.  Together 
this  gives  an  average  erosion  rate  of  10  kJ/m.  Hence,  if  all  the 
MITL  length  had  been  included  in  the  simulation  of  Fig.  3, 
the  energy  efficiency  would  have  been  ~  50%. 

Precise  energy  balance  using  TWOQUICK  suggests  the 
missing  50%  of  the  input  energy  is  distributed  between 
reflections  at  the  load  (3%),  erosion  (10%),  losses  at  the 
beginning  of  the  inductor  early  in  the  pulse  (10%),  sheath 
electron  losses  at  the  load  (20%),  and  field  energy  remaining 
inside  the  MITL  (10%). 

To  calculate  the  overall  accelerator  efficiency  driving  an 
imploding  plasma  radiation  source  we  used  the  SCREAMER 
[6]  circuit  code  which  gave  an  energy  efficiency  of  17%.  That 
is,  for  a  total  of  90  MJ  stored  in  the  Marx  generators  of  the  30 
modules,  15  MJ  is  delivered  to  the  imploding  plasma. 

CONCLUSION 

The  presented  PRS  accelerator  design  is  based  on  the 
HERMES -III  technology  of  inductively  insulated  voltage 
adders  (IVA).  It  has  30  parallel  modules  and  can  deliver  the 
required  15-MJ  kinetic  energy  to  an  imploding  plasma 
radiation  load.  The  total  energy  erosion  in  the  thirty  11-m 
long  MITLs  is  of  the  order  of  3.3  MJ  and  the  overall  energy 
efficiency  of  the  accelerator  is  17%.  The  modular 
configuration  oflers  flexibility  and  risk  mitigation  by  an 
anticipated  staged  construction.  Components  of  the  first  test 
module  are  currently  under  construction. 
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Figure  3.  Numerical  simulation  of  the  voltage  adder 
connected  to  a  300~nH  inductive  load  via  a  6-m 
long  MITL.  The  electron  map  shown  is  simulated 
180  ns  later,  following  the  injection  of  the  voltage 
pulse  (Vjn)  at  the  first  cavity. 


t(n8) 

Figure  6.  Voltage  output  pulse  at  the  end  of  the  1 1.3-m  long 
extension  MITL  of  Fig,  4.  The  erosion  at  the 
leading  edge  of  the  pulse  is  apparent. 
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David  E.  Anderson,  John  B.  Greenly,  and  Ravi  N.  Sudan 
Cornell  LFniversity,  Ithaca,  NY 

I.  INTRODUCTION  II.  RESEARCH  PLANS 


The  new  COBRA  accelerator  is  being  built  in  phases  at 
the  Laboratory  of  Plasma  Studies  in  Cornell  University 
where  its  applications  will  include  extraction  diode  and  ion 
beam  research  in  support  of  the  light  ion  inertial  confinement 
fusion  (ICF)  program  at  Sandia  National  Labs.  The  flexible 
4-to  5-MV,  100-to  250-kA  accelerator  in  Fig.  1  is  based  on  a 
four-cavity  inductive  voltage  adder  (IVA)  design.  In 
combination  with  new  ferromagnetically-isolated  cavities  and 


Ion  dode  experim^ts  in  support  of  the  Sanda  ICF 
program  will  be  the  first  experim^tal  activity  on  COBRA. 
The  initial  single-cavity  COBRA  is  well  matched  to  the 
extraction  geometry,  applied-B  dode  used  on  the  previous 
Cornell  accelerator,  LION  (1.2  MV,  4  Ohm,  40  ns),  since 
1992. [1]  Figure  2  shows  a  sketch  of  the  LION/COBRA 
dode.  We  will  field  this  dode  on  COBRA  to  continue  ion 
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Fig.  1.  The  1.3  TW  COBRA  accelerator  at  Cornell  has  a 
folded  overhead  pulsed-powar  geometry  for  compactness. 

self-magnetically  insulated  transmission  line  (MITL) 
hardware,  it  includes  components  firom  existing  Sanda  and 
Cornell  facilities.  Those  are  the  Marx  generator  capacitors, 
hardware,  and  pow^  supply  from  the  DEMON  facility; 
watCT  pulse  forming  lines  (PFL)  and  gas  switch  from  the 
Subsystem  Test  Facility  (STF);  a  HERMES -HI 
intermedate  store  c^acitor  (ISC);  and  a  modfied  ion  dode 
from  Cornel Fs  LION.  The  present  accelerator  consists  of  a 
single  modfied  cavity  similar  to  those  of  the  Sanda 
SABRE  accelerator  and  will  be  used  to  perform  the  first 
phase  lower  voltage  tests.  Four  new  cavities  will  be 
fabricated  and  delivered  in  the  first  half  of  FY96  to  complete 
the  COBRA  accelerator.  COBRA  is  unique  in  the  s^se 
that  each  cavity  is  diven  by  a  single  pulse  forming  line, 
and  the  IVA  output  polarity  may  be  revised  by  rotating  the 
cavities  180°  about  their  vatical  axis.  The  site 
preparations,  tank  construction,  and  dode  design  and 
developmait  are  taking  place  at  Cornell  with  growing 
enthusiasm  as  this  machine  becomes  a  reality.  Preliminary 
results  with  the  single  cavity  and  short  positive  inner 
cylinder  MITL  configuration  will  soon  be  available. 


Fig.  2.  The  modfied  LION  dode  produces  an  ion  beam  of 
10  cm  mean  radus.  This  dagram  shows  25-cm  axial 
extort . 

source  studes,  particularly  addressing  the  issues  of  ion 
species  purity  and  parasitic  load  with  lithium-bearing 
evaporating  metal  foil  anode  plasma  source  (EMFAPS) 
active  anodes. [2]  We  will  pursue  innovations  in  foil 
fabrication  andin-dode  dscharge  cleaning  techniques  begun 
on  LION. [3]  Diagnostics  will  include:  magnetically- 
insulated  Faraday  cups  for  beam  curroit  density;  Rutherfordr 
scattering  shadowboxes  for  ion  species-resolved  beam 
dvergoice;  Thompson  parabola  spectrometer  and 
Ruthoford-scattoing  magnetic  spectrometo  for  ion  species 
and  energy  composition;  collimated  bremsstrahlung 
detectors  and  in-anode  collectors  for  dode  voltage  and 
current;  and  emission  spectroscopy  and  visible  light  streak 
photography  for  in-g^  light  emission. 

The  substantial  data  base  firom  the  performance  of  this 
dode  on  LION  will  be  compared  to  results  on  COBRA  to 
illuminate  issues  of  power  coupling  to  the  dode  load  on  the 
new  accelerator.  In  particular,  the  dode  will  first  be 
mounted  on  COBRA  with  a  v^  short  (75  cm  jfrom  cavity 
g^  to  dode  gap)  vacuum  MITL.  It  is  expected  that  with 
the  single -point  (azimuthal)  power  feed  to  the  cavity,  power 
flow  in  the  MITL  will  be  significantly  azimuthally 
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asymmetric.  We  will  diagnose  effects  of  this  asymmetry  on 
diode  performance.  Our  aim  is  to  explore  the  tradeoff 
between  diode  p^formance  degradation  by  power  flow 
asymmetry  for  a  short  MITL  and  degradation  by  the  delay 
between  the  vacuum-wave  prepulse  and  the  main  power 
pulse  at  the  diode  with  a  long  MITL. 

After  the  full  four-cavity  COBRA  is  in  place,  the 
Cornell  experimental  program  will  make  a  transition  from 
the  long-standing  emphasis  on  ion  diode  physics  toward  a 
more  integrated  development  of  the  diode  as  part  of  a  beam 
generation,  transport,  and  focusing  system.  We  will  design  a 
system  using  an  extraction  diode,  a  gas-filled  transport 
region,  and  asolenoidal  focusing  lens  to  produce  a  small 
analog  to  a  module  of  a  large  ICF  driver  such  as  the 
Laboratory  Microfusion  Facility  (LMF).[4]  Our  aim  is  to 
diagnose  and  devdop  the  accelerator,  diode,  beam  transport, 
and  lens  as  integrated,  interacting  components  of  the  beam 
driver  system  to  provide  an  overview  of  the  issues  involved 
and  to  investigate  tradeoffs  and  optimization  for  LMF. 

III.  ACCELERATOR  DESCRIPTION 

The  requirement  for  a  4-to  5-MV  pulsed  power  driver 
led  naturally  to  four  LO-to  L25-MV  cavities  that  nearly 
duplicate  the  IVA  technology  presently  used  in  the 
HERMES-III  and  SABRE  machines  at  Sandia.[5]  The 
cavity-to-cavity  inductive  isolation,  performed  by  ribbon- 
wound  annular  cores  of  type  2605CO  METGLAS[6] 
ferromagnetic  material,  and  the  vacuum  MITL  allow  us  the 
most  compact  machine  design  to  maximize  the  available 
experimental  area.  As  shown  in  Fig.  3,  the  inner  cylinder  of 
the  MITL  is  tapered  at  each  cavity  output  feed  gap  according 
to  the  impedance  requirements  to  best  couple  to  the  diode 
load.  Our  choice  foa  a  single  overhead  water  line  to  charge 


Oil  Filled  Cavities 


Fig.  3.  The  COBRA  IVA  consists  of  four  radial  cavities  that 
deliver  power  to  the  coaxial  vacuum  MITL. 

each  cavity  was  influenced  by  cost  and  space  limitations,  but 
we  did  confirm  that  the  MITL  current  flow  (for  negative 
polarity  operation)  was  azimuthally  symmetric  within  about 
2  ns  along  the  vacuum  coaxial  line  from  the  cavity  output 
gap.  These  tests  were  performed  at  the  Sandia  STF  using  the 
same  water  lines  and  cavity  that  are  installed  for  the  initial 
COBRA  experimental  series.  Larger  diameter  cavities  may 


need  two  or  more  equally  spaced  feeds  to  optimize  the  flow 
symmetry. 

The  basic  pulsed-power  source  for  the  IVA  consists  of 
one  oil-insulated  Marx  generator,  a  water-dielectric  ISC  or 
transfer  capacitor,  a  self-breaking  multi-stage  SFg  gas  switch, 
and  water-dielectric  coaxial  PFLs  with  self-closing  output 
water  switches.  The  tools  we  used  to  iteratively  design  and 
model  COBRA  include  the  STF  experiments,  the 
SCREAMER  circuit  simulation  code[7]  and  electrostatic  field 
solvers  like  JASON[8]  and  ELECTRO[9]  along  with 
dielectric  breakdown  and  flashover  criteria  like  that  originated 
by  J.C.  Martin.[10]  The  following  Table  I  is  a  summary  of 
the  accelerator  design  parameters,  peak  values  generated  by 
the  circuit  models,  and  some  of  the  hardware  dimensions. 
Negative  high  voltage  is  assumed  for  the  inner  conductors  of 
the  coaxial  lines.  Note  that  the  subscripts  ‘in’  and  ‘out’ 
typically  refer  to  the  inner  and  outer  coaxial  radii, 


Table  I.  Cobra  Accelerator  Design  Summary 

Marx: 

No.Caps  =  24  ea 

C/Cap  =  1350  nF 

Ya,  =  90  kV 

E,h  =  131  kJ 

V„.^  =100kV 

Ech^max  =  81% 

V_  =2.2  MV 

w  =lllkA 

ISC: 

Row  =  71.8  cm 

Ci„  =19.5nF 

(HERMES-m) 

Ri„  =  53.3  cm 

Zi„  =1.98  Ohm 

Length  =  130  cm 

Tj,,  =38.6  ns 

Vi,,  =2.7  MV 

Tgi^  =  200  ns 

E,„,  =126kV/cm 

E</F  =  61% 

Ei„  =170kV/cm 

Ej/F  =36% 

Gas  Switch: 

Length  =  50.6cm 

OD  =  44.5  cm 

Gap(xl8)=16  cm 

No.Channels<10 

V,„  =  2.7  MV 

L,,,  =240nH 

U  =405kA 

>  83  mC 

(@900  ns) 

E<ii„  =  9.4  kJ 

Ediss(Eu„,  =  12% 

PFLs(4): 

Rout  =  17.8  cm 

Cun  =4.6nF 

Riu  =  8.4  cm 

Zon  =  5.0  Ohm 

Length  =76.2  cm 

Tun  =  22.8  ns 

Vufl  =2.3  MV 

Teff  =  40  ns 

Eu„,=  172kV/cm 

Eu/F  =  47% 

Ei„  =  365  kV/cm 

Ei/F  =44% 

HjO  Switches(4): 

Gap  =  4.2  cm 

Channels/Sw  =  4 

V„u.  =  2.3MV 

L,*  =66nH 

U,  =248kA 

Qwat  >  17  mC 

(@1000  ns) 

Eai„  =  2.4kJ 

Edixs/Eoue  =  16% 

Cavities(4): 

ID  =38.1  cm 

OD  =  150  cm 

Length  =41.9  cm 

Luu,  =  20nH 

Cores/Cav  =  4 

Wt/Core=51.1kg 

=  1.31  MV 

Volt-Sec  =0.077 

(Matched  Load) 

V,u,,  =  1.28MV 

T,(10-90)=23.3ns 

liuu,  =256kA 

FWHM  =49.2  ns 

Piu.,  =  328  GW 

Evi,  =  87  kV/cm 

(@1050  ns) 

Eiu,,  =12.6kJ 

4Eiuad/Ech  =  38% 
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and  ‘vis’  is  the  oil/vacuum  insulator  stack.  The  E/F  ratios 
correspond  to  the  expected  electric  field  stress  divided  by  the 
calculated  breakdown  stress. 

IV.  PREDICTED  PERFORMANCE 

Our  circuit  simulation  process  involved  a  number  of 
iterations  as  the  COBRA  accelerator  design  evolved  and 
components  were  modified  or  better  defined  All  the  feed 
line  lengths,  impedance  variations,  and  major  component 
values  had  to  be  accurately  represented  to  allow  confid^ce 
in  the  model  predictions.  We  used  transmission  line  models 
in  the  SCREAMER  code  to  account  for  the  proper  physical 
sq)arations  and  dimensions  of  the  oil,  wata,  vacuum,  and 
plastic  insulated  components.  These  models  provide  a  fixed 
propagation  delay  time  and  either  a  constant  or  a  linearly 
tiered  line  impedance.  The  switch  models  are  typically 
represoitedby  a  series  combination  of  time-varying  resistor 
and  appropriate  inductor  with  both  elements  shunted  by  a 
parallel  stray  capacitance.  The  switches  are  closed  by 
reducing  the  initial  high  resistance  exponentially  to  a  final 
low  resistance.  The  exponential  time  constants  were 
determined  from  estimates  of  the  resistive  and  inductive 
phase  contributions  to  the  switching  action. [11]  The  choice 
for  the  final  resistance  is  critical  for  determining  the  energy 
dissipated  by  the  gas  and  watei  switches,  which  in  turn 
affects  the  forward  going  pulse  shape.  Figure  4  shows  the 
resulting  voltage  waveforms  of  one  circuit  simulation  that 
corresponds  to  the  parameters  listed  in  Table  1.  This  circuit 
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Fig.  4.  SCREAMER  generated  these  simulated  voltage 
waveforms  at  the  cavity  input  and  output, 

model  did  not  include  a  “crowbar”  switch  in  the  output 
water  transmission  line  (OTL)  nor  a  saturable  magnef  ic  core 
model  which  could  significantly  affect  the  pulse  shape 
d^ending  on  the  core  material  loss  properties.  Since 
accurate  ion  dode  models  are  still  being  developed  for 
SCREAMER,  the  only  load  we  have  modeled  is  a  constant 
matched  resistance.  The  load  voltage  wave  sh^e  will 
definitely  be  sensitive  to  the  impedance  history  of  (fynamic 
ion  dodes . 


V.  CONCLUSIONS 

With  this  paper  we  are  announcing  a  new  terawatt  class 
accelerator  intended  to  further  the  light  ion  ICF  program  with 
research  and  development  of  diodes,  beam  transport,  and 
possibly  beam  focusing.  COBRA  is  the  result  of  a  major 
cooperative  effort  between  a  university  and  a  national 
laboratory  (Cornell  and  Sandia)  and,  hopefully,  may  set  a 
precedent  for  other  similar  endeavors.  It  represents 
technology  currently  being  applied  at  Sandia  and  should  be  a 
robust,  reliable  research  tool. 

VI.  ACKNOWLEDGMENTS 

The  authors  wish  to  recognize  the  long  term  efforts  of 
Don  Cook,  Doug  Bloomquist,  John  Maenchen,  and  Juan 
Ramirez  of  Sandia  Labs  and  Dave  Hammer  at  Cornell 
University.  Without  their  support  this  project  would  never 
have  gone  beyond  a  paper  exercise.  Special  thanks  are  also 
due  to  Dan  Jobe  and  Pat  Ryan,  Ktech  contractors  supporting 
Sandia,  and  Leo  Brissette  in  Cornell  whose  enthusiastic 
support  included  the  preparation,shipping,  and  assembly  of 
the  COBRA  hardware  at  Cornell.  This  work  was  supported 
by  the  United  States  Department  of  Energy  under  Contract 
DE-AC04-94AL85000. 

VII.  REFERENCES 

[1]  J.B.  Greenly,  et.  al.,  “Extraction  Ion  Diode  Studies 
for  Optimized  Performance:  Divergence,  Ion  Species,  and 
Parasitic  Load,”  Proc.  10th  Inti  Conf.  on  High  Power 
Particle  Beams,  San  Diego,  CA,  June  20-24,  1994,  p.  398. 

[2]  G.D.  Rondeau,  Ph.D.  Thesis,  Cornell  University, 

1988. 

[3]  C.K.  Stnickman  and  B.R.  Kusse,  7.  Appl  Phys. 
Vol.  74,  No.  6,  p.  3658,  1993. 

[4]  J.J,  Ramirez,  et.  al.,  “Design  Issues  for  a  Light  Ion 
Beam  LMF  Driver,”  Fusion  TechnoL,  Vol.  15,  p.  350, 

1989. 

[5]  J.J.  Ramirez,  et.  al.,  “The  HERMES-III  Program,” 
Proc.  6th  IEEE  Pulsed  Power  Conf.,  Arlington,  VA,  June 
29-July  1,  1987,  p.  294. 

[6]  METGLAS  is  Allied  Corporation’s  registered 
trademark  for  an  amorphous  alloy  of  metals. 

[7]  M.M.  Widner  and  M.L.  Kiefer,  “SCREAMER  -  A 
Pulsed  Power  Design  Tool,  User’s  Guide,”  Sandia  Nat.  Labs, 
Albuquerque,  NM,  Apr  25, 1985. 

[8]  S.J.  Sackett,  “JASON  -  A  Code  for  Solving  General 
Electrostatics  Problems,  User’s  Manual,”  CID-17814, 
Lawrence  Livermore  Nat.  Labs,  Livermore,  CA,  1978. 

[9]  “ELECTRO  Users  and  Technical  Manual,”  Version 
3.9,  Integrated  Engineering  Software  Inc.,  46-1313  Border 
PL,  Winnipeg  Manitoba,  Canada,  R3G  2X7. 

[10]  J.C.  Martin,  “Nanosecond  Pulse  Techniques,” 
Internal  Report  SSWA/JCM/704/49,  AWRE,  Aldermaston, 
Berkshire,  England,  April  1970. 

[11]  J.P.  VanDevender  and  T.H.  Martin,  IEEE  Trans, 
on  Nucl.  ScL,  Vol.  22,  No.  3,  p.  979,  1975. 


1206 


BEAM  INJECTOR  AND  TRANSPORT  CALCULATIONS  FOR  ITS 

Thomas  P.  Hughes,  Mission  Research  Corporation,  Albuquerque,  NM  87106 
David  C.  Moir  and  Paul  W.  Allison,  Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545 


Abstract 

The  Integrated  Test  Stand  at  Los  Alamos  National  Laboratory 
(LANL)  is  addressing  issues  in  high-brightness  electron  beam 
generation,  acceleration,  and  transport.  The  machine  consists  of 
a  3  kA,  3.5  MV  injector,  eight  induction  acceleration  gaps,  a  drift 
section  and  a  final-focus  magnet  which  focuses  the  beam  onto 
diagnostic  targets.  One  of  the  goals  of  the  program  is  to  test  and 
improve  the  predictive  capability  of  numerical  models.  We  have 
carried  out  detailed  simulations  of  the  diode  and  initial  drift  re¬ 
gion  with  the  particle-in-cell  codes  IVORY  and  SPROP,  obtaining 
good  agreement  with  experimental  streak-camera  data  at  several 
axial  locations.  Transport  through  the  accelerating  cells  to  the 
target  10  m  from  the  cathode  is  modeled  with  the  envelope  codes 
LAMDA  and  XTR.  The  magnet  settings  for  minimum  spot-size  are 
close  to  the  experimental  values.  From  the  measured  value  of  the 
minimum  spot-size  we  infer  a  normalized  Lapostolle  emittance 
of  about  0.2  cm-rad.  We  have  characterized  the  sensitivity  of  the 
spot-size  to  variation  in  the  machine  parameters. 

1.  INJECTOR  SIMULATIONS 

The  standard  injector  geometry  in  the  ITS  has  a  1 8  cm  AK  gap 
and  a  flat  3”  diameter  velvet  emitting  surface  (Fig.  1).  This  sur¬ 
face  is  indented  by  2  mm  from  the  surrounding  flat  electrode. 
The  small  scale  of  this  indentation  means  that  a  fine  mesh  is 
needed  to  simulate  the  AK  gap.  We  used  the  particle-in-cell 
simulation  code  IVORY  and  the  iterative  trajectory  code  pbguns 
[1]  to  model  the  injector.  The  codes  agree  well  with  each  other 
and  with  the  experimental  beam  current  measurement  (3  kA  at 
3.5  MV),  as  shown  in  Fig.  2.  The  effect  of  the  indentation  is  to 
reduce  the  current  density  at  the  beam  edge,  and  provide  some 
radial  focusing  to  the  emitted  beam.  With  a  previous  flush  emit¬ 
ting  surface,  we  were  unable  to  get  close  agreement  between  ex¬ 
periment  and  simulation  [2].  The  measured  emission  current  was 
about  15%  higher  than  the  calculation,  and  current  was  lost  to  the 
anode  even  when  the  extraction  field  was  relatively  high.  We  be¬ 
lieve  that  this  was  due  to  poorly  understood  effects  at  the  edge  of 
the  velvet  emitter  which  produced  low  quality,  divergent  emis¬ 
sion  in  this  region. 

The  simulation  in  Fig.  1  had  no  intrinsic  emittance  at  the  cath¬ 
ode.  Such  emittance,  inferred  from  spot-size  measurements  dis¬ 
cussed  below,  can  easily  be  added  to  the  simulation  as  an  effec¬ 
tive  transverse  temperature  of  the  emitted  particles.  For  the  large 
beam  radii  in  Fig.  1,  the  transport  is  space-charge  dominated. 

IL  RADIAL  CURRENT  PROFILE 
COMPARISONS  IN  PRE- ACCELERATOR 
DRIFT 

A  series  of  measurements  of  the  beam  radial  current  density 
profile  was  made  by  placing  a  quartz  fiber  across  the  beam  di¬ 
ameter  to  generate  Cherenkov  light.  The  light  was  imaged  with 
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Figure  1 .  Beam  particle  positions  for  IVORY  simulation  of  ITS 
indented  cathode.  Mesh  is  A z  x  Ar  —  0.1  cm  x  0.1  cm  in 
AK  gap,  and  0.4  cm  x  0.2  cm  for  z  >  40  cm.  (4  =  3  kA, 
14  =  3.48  MV,  anode  magnet  current  =  175  A). 


Figure  2.  Comparison  of  r.m.s.  beam  radius  from  IVORY  simu¬ 
lation  and  PBGUNS  simulation  of  ITS  cathode  with  2  mm  inden¬ 
tation.  Emitted  current  for  both  simulations  is  3  kA  at  3.48  MV. 

a  streak  camera  to  get  a  time-resolved  measurement.  To  simu¬ 
late  beam  transport  from  the  diode  to  the  location  of  these  mea¬ 
surements  (about  2  m  from  the  cathode  surface),  we  developed 
a  beam  slice  code  SPROP  [3].  The  field  equations  for  this  code 
are  obtained  from  the  full  Maxwell  equations  by  setting  axial 
derivatives  to  zero  and  solving  the  resulting  equations  on  a  1- 
D  radial  mesh  using  Fourier  transforms  in  the  azimuthal  direc¬ 
tion.  The  code  is  initialized  with  particles  from  an  IVORY  simu¬ 
lation  at  101  cm  from  the  cathode  surface,  which  is  in  the  down¬ 
stream  fringe-field  of  the  anode  magnet.  Comparisons  with  the 
experiment  were  made  at  170, 192  and  212  cm  from  the  cathode 
electrode.  The  results  atz  =  212  cm,  shown  in  Fig.  3,  are  typ¬ 
ical  of  the  good  agreement  obtained.  The  result  in  Fig.  3(b)  is 
about  60  cm  downstream  of  where  the  beam  focuses  to  a  small 
(w  0.5  cm  radius)  spot. 

III.  BEAM  RADIUS  MEASUREMENTS  AT 
HNAL FOCUS 

The  ITS  injector  is  followed  by  eight  ferrite  induction  acceler¬ 
ating  cells  which  typically  have  voltages  of 200--250  kV  per  gap. 
The  beam  then  goes  into  a  drift  section  which  has  an  intermediate 
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Figure  3.  Comparison  of  experimental  and  numerical  radial  cur¬ 
rent  density  profiles  at  212  cm  from  the  cathode  for  anode  mag¬ 
net  currents  of  (a)  185  A  and  (b)  210  A.  Vertical  scale  is  arbitrary. 


focusing  solenoid  and  a  final  focus  solenoid  (FFS).  The  purpose 
of  the  drift  section  is  to  prevent  shrapnel  from  fragmented  targets 
from  damaging  the  acceleration  cells.  A  rotating  shutter  is  also 
used  for  this  purpose. 

Since  the  ITS  is  directed  at  radiographic  applications  requir¬ 
ing  small  beam  spot-size,  the  principal  diagnostic  technique  con¬ 
sists  of  measuring  the  radius  of  the  focal  spot  as  a  function  of 
FFS  strength.  We  can  model  the  entire  transport  using  SPROP, 
but  for  speed  we  generally  employ  the  envelope  codes  lamda 
[4]  and  XTR  [5].  We  have  found  that  the  effect  of  beam  rotation 
in  the  focusing  solenoids  is  non-negligible.  Starting  from  exact 
laminar  beam  equilibria  obtained  by  Reiser  [6],  a  modified  enve¬ 
lope  equation  was  obtained  to  take  account  of  this  effect  [3].  The 
envelope  equation,  which  assumes  constant  emittance,  closely 
matches  SPROP,  as  shown  in  Fig.  4.  The  SPROP  simulations  show 
that  in  fact  there  is  little  emittance  variation  through  the  acceler¬ 
ator. 

A  con^arison  between  the  spot-size  measurements  at  ;2:  = 
10  m  and  LAMDA  for  a  particular  tune  is  shown  in  Fig.  5.  The 
LAMDA  beam  envelope  for  the  minimum  spot-size  is  shown  in 


z(cni) 


Figure  4.  Comparison  of  envelope  obtained  from  SPROP 
particle-in-cell  simulation  with  LAMDA  envelope  simulation 


Figure  5.  Beam  radius  at  final  focus  as  a  function  of  final-focus 
solenoid  current,  comparing  measurements  with  envelope  code 
predictions.  Experimental  results  are  averaged  over  60  ns  flat- 
top. 


Fig.  6.  Based  on  this  and  other  comparisons  for  different  mag¬ 
net  tunes,  we  deduce  a  normalized  Lapostolle  emittance  value  of 
about  0.19  cm-rad.  This  value  may  be  an  overestimate  because 
of  the  low  energy  threshold  for  light-production  in  quartz,  which 
makes  it  difficult  to  make  accurate  spot-size  measurements  when 
the  beam  radius  is  small.  To  avoid  this  problem,  a  spot-size  di¬ 
agnostic  using  transition  radiation  in  a  Kapton  target  is  currently 
being  implemented.  This  will  give  a  two-dimensional  beam  im¬ 
age  with  a  60  ns  (the  approximate  pulse  flat-top)  gating  on  the 
camera. 

Using  the  envelope  code  LAMDA,  we  have  carried  out  a  se¬ 
ries  of  tests  to  measure  the  sensitivity  of  the  minimum  spot-size 
to  various  machine  parameters.  The  results,  shown  in  Table  I, 
give  an  indication  of  the  degree  of  control  needed  to  obtain  a 
small  time-averaged  spot-size  for  a  particular  beam  pulse,  and 
that  needed  for  shot-to-shot  spot-size  reproducibility. 

Experiments  are  currently  being  conducted  on  the  REX  ma¬ 
chine  to  investigate  a  laser  photocathode  injector.  This  has  the 
potential  for  significantly  reducing  the  intrinsic  emittance  of  the 
beam.  A  lower  emittance,  resulting  in  a  smaller  spot-size,  would 
reduce  the  tolerances  in  Table  I. 
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Figure  6.  Beam  edge  radius  (cm)  vs.  2r  (cm)  for  final  focus  mag¬ 
net  current  of  370  A,  obtained  from  LAMDA.  Axial  magnetic 
field,  divided  by  300  gauss,  is  superimposed. 


Table  I 

Percent  changes  in  accelerator  parameters  which  result  in  10% 
change  in  final-focus  spot-size 


AK  voltage  +20%,  -11% 

Accelerating  gap  voltage  +30%,  -16% 


Cell  magnet  strength  +17%,  -35% 

Drift  tube  magnet  +4.7 %,  - 10% 

Final-focus  magnet  strength  +3.2%,  -3.4% 


Position  of  target 


+3.5  cm,  -8.9  cm 
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Abstract 

AIRIX  Induction  Accelerator  (16-20  Mev,  3.5  kA, 
60  ns  )  has  been  designed  at  CESTA  for  flash  X-ray 
application.  After  two  years  of  experimental  studies  on 
prototype  cells  and  High  Voltage  Generators  we  started  in 
1994  the  PI V AIR  milestone  which  is  a  validation  step  at  8 
MeV  for  AIRIX.  The  PIVAIR  injector  has  been  assembled 
and  tested;  it  produces  a  3.5  kA  electron  beam  at  4  MeV  with 
good  voltage  flatness  (±0.35  %)  and  low  emittance.  An 
accelerating  module  of  eight  induction  cells  has  been 
constructed  and  four  cells  have  been  first  connected  with  the 
injector.The  other  ones  will  be  added  this  year  and  will  use 
ferrite  cores  with  high  magnetic  flux  variation  specially 
developed  by  CEA  for  this  application.  First  results  on  beam 
characteristics  will  be  given  in  this  paper  as  well  as  progress 
achieved  in  diagnostic  technologies,  cell  alignment  and  beam 
transport  studies. 

I  -  INTRODUCTION 

Dedicated  to  flash  X-ray  radiography  application 
AIRIX  induction  accelerator  has  been  designed  to  produce  a 
16-20  MeV,  3.5  kA,  60  ns  electron  beam.  Development  of  this 
machine  started  at  CESTA  in  1992  with  the  construction  of 
two  prototypes:  an  induction  cell  and  a  high  voltage  generator. 
After  testing  we  decided  to  construct  PIVAIR  accelerator 
which  is  a  validation  step  of  AIRIX  up  to  8  Mev;  it  will 
permit  to  check  the  different  technologies  involved  on  AIRIX 
but  also  to  study  the  beam  transport  and  focusing. 

PIVAIR  installation  will  consist  of  a  4  MeV  injector  , 
sixteen  250  keV  induction  cells  and  a  focusing  solenoid.  In 
march  1994  injector  acceptance  tests  have  been  successfully 
performed  at  CESTA  and  by  the  end  of  the  same  year  we 
tested  four  induction  cells  loaded  with  the  3.5  kA  electron 
beam  generated  by  this  apparatus. 


In  the  following  sections  we  describe  the  existing 
PIVAIR  equipments  (fig.l)  and  we  present  the  experimental 
results  obtained. 

II  ^  INJECTOR 

The  injector  used  on  PIVAIR  was  designed  by  PSI 
for  the  pulse  generator  and  by  LANL  for  the  diode.  It 
comprises  a  1.5  MV  glycol-insulated  Blumlein  which  is  pulse 
charged  by  a  step-up  transformer  and  switched  out  by  four 
laser- triggered  spark  gaps.  A  series  of  increasing  impedance 
transmission  lines  is  used  to  transform  the  Blumlein  output 
voltage  to  4  MV  at  the  diode. 

The  beam  is  generated  by  a  7.62  cm  diameter  rayon- 
velvet  cathode  surrounded  by  a  non-emitting  anodized 
aluminum  field  shaper;  the  distance  between  the  re-entrant 
anode  and  cathode  is  17.5cm. 

During  acceptance  tests  beam  characteristics  were 
measured  using  diagnostics  developed  by  CESTA  [1][2].  A 
summary  of  the  results  are  given  in  table  1.  It  appears  that 
measured  performances  are  in  good  agreement  with  AIRIX 
specifications  except  for  emittance.  We  suspect  that  the  value 
obtained  for  this  parameter  is  higher  than  expected  because 
data  processing  does  not  take  into  account  diagnostic 
perturbations  due  to  metallic  mask  focussing. 


Table  1  .  AIRIX  injector  characteristics 


Specifications 

Measured 

Diode  voltage 

>4MV 

4029kV±4kV 

Voltage  flatness 

<  ±  1  %  in  60  ns 

<  ±  1  %  in  60  ns 
±  0.35  %  in  50  ns 

Voltage 

reproductibility 

±1% 

+  0.60% 
over  1000  shots 

Beam  current 

Sr3.5kA 

3.8  kA 

Normalized  rms 

emittance 

(n .  mm.  mrad) 

<1200 

1600  at  3.77  kA 

Jitter  (la) 

<  1.5  ns 

<  0.5  ns 

III-  HIGH  VOLTAGE  GENERATORS 

A  high  voltage  pulse  gnerator  has  been  developed  to 
drive  two  induction  cells  with  250  kV  /  75  ns  flat  top  pulses 
with  voltage  variation  smaller  than  ±  1%  . 

A  prototype  described  in  a  previous  paper  [3]  was 
tested  in  1993  and  gave  good  results  .  On  this  base  a  series  of 
four  generators  has  been  constructed  last  year  to  feed  the  first 
eight  PIVAIR  induction  cells.  They  are  now  operating. 
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IV  -  INDUCTIONS  CELLS 


Each  induction  cells  use  11  ferrite  cores  (250  mm 
I.D.,  500  mm  O.D.  and  25  mm  thick)  housed  in  a  non 
magnetic  stainless  steel  body,  a  4  layers  bifilar-wound 
solenoid  magnet  and  2  printed  circuit  dipole  trim  coils.The  19 
mm  width  accelerating  gap  has  been  shaped  in  order  to 
minimize  the  beam  coupling  with  the  gap  cavity  and  reduce 
the  BBU  instability  ( fig.2 ) 


IV.a  -  High  voltage  testing 

Three  gap  insulator  technologies  have  been  tested  on 
the  prototype  cell.  An  alumina  insulator  brazed  on  cell  body 
was  first  experienced.  A  good  vacuum  tightness  was  obtain 
(10"^  torr)  but  the  cell  exhibited  numerous  flashovers  at 
voltage  levels  higher  than  200  kV.Modifications  of  gap  shape 
and  alumina-field  angle  did  not  give  best  results. Consequently 
this  technology  was  not  choosen  for  AIRDC. 

The  second  insulator  tested  was  made  of  reticulated 
polystyrene  (Rexolite)  and  used  viton  0-ring  seals  to  ensure 
vacuum  tightness.  The  gap  geometry  was  choosen  so  that  an 
angle  of  40°  was  maintened  between  insulator  surface  and  E- 
field.With  this  configuration  the  vacuum  reached  10”^  torr  in 
the  cell  and  the  high  voltage  strength  was  tested  up  to  300  kV 
without  any  flashovers.  From  these  results  we  decided  to 
construct  four  PIVAIR  cells  with  Rexolite  insulator. 

In  the  third  technology  gap  insulator  is  suppressed 
and  dielectric  oil  surrounding  the  ferrite  cores  is  replaced  by 
vacuum.  This  technology  is  attractive  for  two  reasons  First  the 
vacuum  interface  and  high  voltage  insulation  are  transferred 
on  HV  cable  heads  which  is  more  convenient  for  accelerator 
maintenance  in  case  of  flashover.  On  the  other  hand  BBU 
calculations  shows  that  transverse  impedance  is  lower  for  such 
a  cell. 

Tested  on  prototype  cell  this  configuration  needed 
several  months  of  experiment  to  be  qualified  for  PIVAIR.  At 
the  begining  we  observed  a  decrease  in  cell  impedance  for 
voltage  pulse  higher  than  210  kV.We  found  that  the  default 
originate  in  current  leakage  along  ferrite  cores  due  to  a  too 
short  distance  between  cores  and  metallic  housing.  Once  this 
problem  solved  the  cell  was  tested  sucessfully  with  pulses  up 
to300kV. 

At  present  four  induction  cells  without  ring  insulator 
are  under  construction  and  will  be  mounted  on  PIVAIR 
sooner. 


IV,b  -  Ferrite  improvements 

TDK  PEI  IB  ferrite  used  on  the  first  cells  are  not 
sufficient  to  maintain  75  ns  flat  top  with  250  kV  pulses 
because  cores  saturation  occured  too  early.  In  order  to  increase 
the  magnetic  flux  swing  available  on  ferrite  we  decided  to  test 
two  other  compositions  :  TDK  PE  16  and  a  CEA  ferrite 
specially  developed  for  AIRIX  application.  The  best  result 
was  obtained  with  the  last  one  which  offers  a  15  %  increase  in 
magnetic  flux  swing  .  So  AIRIX  and  PIVAIR  cells  will  be 
furnished  with  CEA  ferrite  cores. 

V  -  DIAGNOSTIC  DEVELOPMENT 

Because  electron  beam  characteristics  are  essential  in 
providing  high  quality  radiographic  flashes,  time  resolved 
electron  beam  diagnostics  have  been  developed  at 
CESTA.They  are  described  in  details  in  a  companion  paper 
elsewhere  in  this  conference  [5].  A  summary  of  their 
performances  are  given  below. 

Spectrometer:  a  magnetic  spectrometer  has  been  built 
to  measure  on  a  single  shot,  electron  energy  versus  time 
ranging  from  1  to  10  MeV.  In  this  apparatus  the  beam  is 
bended  as  it  enters  between  poles  of  a  semi-circular  magnet. 
After  deviation  electrons  are  intercepted  by  a  linear  fiber  optic 
array  .The  interaction  between  fibers  and  beam  produces 
Cerenkov  radiation  which  is  analized  with  a  streak  camera. 
Time  resolution  of  1  ns  and  energy  resolution  AE/E  of  0.1  % 
are  currently  obtained. 

Emittance  measurement:  this  diagnostic  is  based  on 
the  pepper-pot  technique.  It  uses  3  mm  thick  tantalum  plate 
with  an  array  of  1  mm  diam.holes.  The  beam  first  passes 
through  the  mask  and  is  then  intercepted  by  a  plastic  film 
scintillator.  Image  obtained  is  recorded  on  a  gated  CCD 
camera.  With  this  equipment  time  resolved  emittance  can  be 
measured  in  two  transverse  directions  with  5  ns  resolution. 

Beam  position  and  current  monitors:  to  evaluate 
beam  transport  conditions  (BBU  perturbations  and  chromatic 
aberrations  )  beam  position  monitors  have  been  developed. 
Each  one  comprises  four  pickup  loops  that  measure  the 
magnetic  field  associated  with  the  beam.  The  resolution  we 
need  is  ±  5  %  for  current  and  ±  100  pm  for  position  in  the  1 
GHz  bandwidth.  To  reach  this  objective  we  have  improved 
the  loop  mechanical  construction  (accuracy  ,  reproducibility) 
and  the  quality  of  data  acquisition  system  (oscilloscopes  , 
cables ...) 

At  present  one  monitor  has  been  calibrated  and  is 
used  on  PIVAIR  accelerator;  its  performances  are  under  test. 

VI  -  PIVAIR  RESULTS 

Alignment:  by  the  end  of  1994  four  induction  cells 
with  Rexolite  insulator  were  assembled  in  one  block  on  a 
mounting  stand  using  a  laser  beam  for  alignment.  Then  the 
cell  block  was  aligned  with  a  theodolite  on  a  reference  axis 
normal  to  the  cathode. Accuracy  obtained  between  cell  and 
reference  axis  was  ±190|jm  for  offset  and  ±210  mrad  for  tilt 
angle  [4], 

Synchronization:  high  voltage  generators  spark  gap 
triggering  was  controled  by  a  Standford  pulse  delay  generator 
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which  offers  a  very  high  accuracy  and  a  low  jitter. 
Synchronization  of  HV  generators  was  first  tuned  on  a 
resistive  load  and  then  applied  to  the  cells.  This  system  was 
very  satisfying. 

Beam  transport:  to  simulate  beam  transport 
conditions  and  determine  axial  magnetic  field  along 
accelerator  we  used  the  envelope  code  ENV  developed  at 
CESTA.  This  code  was  experimentally  validated  on  LELIA 
accelerator  [5]  last  year.  On  PIVAIR  we  first  calibrated  the 
guiding  magnets  by  measuring  .with  a  Hall  probe,  axial 
magnetic  fields  versus  coil  currents. 

Then  initial  beam  characteristics  were  obtained  by  evaluating 
the  mean  quadratic  radius  with  an  optical  diagnostic  placed 
just  behind  the  extraction  coil. 

Beam  acceleration:  pulses  up  to  210  kV  have  beeen 
successfully  applied  to  the  cells  loaded  with  3.5  kA  beam 
issued  from  the  injector  (fig.3).  At  this  voltage  level  no 
flashovers  was  observed.  For  higher  voltages,  saturation  of 
TDK  PE  1 1  ferrite  cores  generates  a  peak  of  current  which 
after  reflection  on  HV  cables  produces  an  inverse  voltage 
pulse  on  gap  cell.  This  pulse  appears  440  ns  after  the  main 
pulse  and  induces  flashover  on  the  gap  insulator.  So  with 
current  ferrite  cores  accelerating  pulses  are  limited  to  210  kV 
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Figure  3  :  PIVAIR  cells  response 

Beam  characteristics:  an  energy  of  4.8  MeV  has 
been  measured  with  the  spectrometer  at  the  accelerator  output 
(fig.4).  This  result  confirms  an  energy  gain  of  approximatively 
210  kV  by  cell.  Figure  4  -a  and  4  -b  show  that  energy  spread 
obtained  at  injector  output  (±  1  %)  is  not  affected  by 
acceleration.  Emittance  measured  at  the  accelerator  end  was 
about  1600  jc.mm.mrad ;  this  value  agrees  well  with  emittance 
predicted  by  ENV  code.  In  order  to  complete  code  evaluation 
we  must  now  perform  beam  radius  measurements  inside  the 
accelerator  tube. 


INJECTOR  OUTPUT 


40S«  .r 


ACCELERATOR  OUTPUT 


Figure  4  :  Beam  energy 


VII  -  PIVAIR  SCHEDULE 

Eight  inductions  cells  (4  vacuum  cells  and  4  Rexolite 
cells)  are  under  construction  and  will  be  connected  to  the 
accelerator  during  summer  1995.  After  HV  testing  we  plan  to 
measure  energy  gain  and  start  BBU  experiment  with  7  MeV  / 
3.5  kA  beam. 
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I.  INTRODUCTION 

Heavy-ion  fusion  (HIF)  continues  to  be  the  choice  method 
of  inertial  fusion  energy  for  a  combination  of  reasons 
-primarily  driver  efficiency,  beam  transport  to  target,  and 
repetition  rate.  For  more  than  a  decade  a  group  at  the 
Lawrence  Berkeley  Laboratory  (LBL)  has  explored  the  use  of 
a  multiple-beam  induction  linear  accelerator  for  the  driver.  A 
review  of  technology  development,  particularly  for  a  test 
accelerator  called  ILSE,  has  been  given  by  Reginato  [1]. 
Recently,  the  5-MeV  part  of  ILSE,  dubbed  ELISE,  has  been 
approved. 

In  1989  studies  began  on  the  idea  of  recirculating  the  linac 
beams  to  reduce  cost.  While  a  recirculator  introduces  serious 
issues,  the  cost  reduction  incentive  is  real.  A  review  of  a 
two-year  study,  primarily  at  the  Lawrence  Livermore  National 
Laboratory  (LLNL),  has  been  given  by  Barnard  et  al  [2].  Also, 
initial  technology  development  for  a  recirculator  at  LLNL  has 
been  reported  by  Newton  and  Kirbie  [3]. 

We  report  here  on  a  study  of  circuits  for  the  accelerating 
modules  in  a  recirculator.  Future  requirements  are 
challenging:  flat-top  (or  slightly  rising)  pulses  with  varying 
duration;  beam  currents  as  high  as  a  kiloampere;  a  train  of 
50-100  pulses  with  instantaneous  repetition  rate  as  high  as 
50  kHz;  and  high  efficiency.  An  accelerating  module 
providing  200-400  kV  to  the  beam  might  house  30-100  cores. 

Our  study  uses  cores  of  moderate  size— we  chose  20.3  cm 
diameter.  The  pulsers  use  tapered  pulse-forming  networks 
(PFNs)  and  provide  core  reset,  20-irs  recovery  and  variable 
duration.  A  novel  addition  is  a  separate,  150-kV,  200- A 
modulator  used  to  simulate  a  constant-current  ion  beam, 
allowing  a  direct  measurement  of  the  cell  dynamic  impedance 
and  the  modulator-to-beam  conversion  efficiency. 

The  basic  goal  of  the  project  is  to  explore  the  use  of 
solid-state  switches  and  low-voltage  circuits  with  efficiency 
and  low  cost  in  mind.  In  this  report  we  describe  our  circuits 
and  salient  results,  then  offer  comments  and  conclusions. 

11.  CELL  AND  CIRCUIT 

The  cell  design,  shown  in  Fig.  1,  is  conventional.  The 
housing  provides  for  three  coax  inputs  connected  to  the 
single-turn  conducting  wall  and  is  designed  for  stacking  by 
removing  one  end  wall  from  each  adjacent  cell.  The  core  is 
Metglas**  2605-SC,  10.2  cm  ID,  20.3  cm  OD,  and  5.1  cm 
wide.  It  provides  1.94kV-|is  per  Tesla  magnetic  swing.  We 
tried  both  annealed  (before  winding)  and  unannealed  cores. 

*  Supported  by  DOE  Small  Business  Innovation  Research 
and  in  part  by  Virginia’s  Center  for  Innovative  Technology. 

**  Registered  trademark  of  Allied  Signal  Corporation. 
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Fig.  1.  Model  cell.  Core  O.D.  =  20  cm. 
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Fig.  2.  Cell  pulser,  one  of  three  for  each  cell. 

Figure  2  shows  our  0.4-|is  pulser  circuit,  one  of  three  for 
each  cell.  We  also  built  a  0.9-|is,  8-section  network.  As 
shown,  it  uses  a  3.5  kV  power  supply  and  diode-resonant 
charging.  The  charging  current  partially  resets  the  core 
magnetization  and  is  supplemented  by  a  small  dc  current 
(<6  A)  connected  through  a  0.3-mH  isolating  inductor.  A  non 
inductive,  40-mD,  resistor  monitors  the  pulse  current. 

Transient  suppression,  not  shown  in  Fig.  2,  is  included  from 
A  to  B.  For  some  tests,  we  connected  the  switch  assembly 
between  the  network  and  the  cell.  In  this  case  we  lose  the 
charging  current  reset.  More  dc  bias  current,  up  to  about  12  A, 
is  then  required. 

An  important  alternative  circuit,  command  resonant 
charging,  is  discussed  in  the  next  section. 

The  PFN  values  are  adjusted  to  give  the  best  flat-top  pulse 
taking  into  account  the  cell  inductance,  transient  magnetization 
current,  transient  eddy  current  losses,  core  saturation,  and  the 
time-dependent  switch  resistance.  While  the  well  known 
design  code  PSPICE  was  extensively  used  and  gave  excellent 
agreement  with  a  resistive  load,  final  adjustment  of  the  pulse 
shape  was  done  empirically. 

A  principal  motivation  for  the  project  was  the  advent  of  high 
power  solid-state  switches,  MOSFET  and  IGBT  (insulated- 
gate  bipolar  transistor).  They  provide  turn-off  capability  and 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1213 


can  easily  recover  voltage  hold-off  in  a  few  |is.  We  decided 
early  in  the  project  to  concentrate  on  IGBTs  because  of  their 
higher  power  rating,  in  spite  of  their  somewhat  slower  rise/fall 
time.  Also,  they  were  much  lower  in  cost,  although  currently 
the  MOSFETS  are  coming  down  in  price.  We  used  six  in 
series,  APTSOGFIOOBN  or  Int'l  Rectifier  IRGPC50U  or 
IRGPH50F,  rated  at  900-1200  V  each  and  up  to  200  A  peak. 

The  switch  gates  are  driven  using  a  small  pulse  transformer 
with  six  single-turn  secondaries  and  a  six-turn  primary  driven 
by  a  single  MOSFET.  This  method  provides  the  necessary 
isolation,  speed  and  peak  current  to  the  gates.  Gate  duration  is 
adjusted  to  coincide  with  the  natural  fall  of  the  PFN  pulse, 
resulting  in  a  faster  fall  time  than  the  IGBT  alone  provides. 

In  general  the  switches  only  fail  due  to  overvoltage.  A 
varistor  is  connected  in  parallel  with  each  switch  for  fault 
protection;  more  on  this  issue  in  the  next  section. 

Simulation  is  accomplished  using  a  separate  high-impedance 
source  as  shown  in  Fig.  3.  It  is  a  thyratron-switched  modulator 
driving  a  resistive  load  on  the  cell  axis.  A  real  beam  is  a 
constant-current  source.  Simulation  requires  that  the  voltage 
added  by  the  cells  be  small  compared  to  the  modulator  voltage. 
The  rise  time,  0.4  ps,  is  longer  than  desired  for  rise-time 
simulation  but  adequate  for  impedance  and  efficiency 
measurements. 

SIMULATED 


Fig.  3.  Simulated  beam  setup  with  three  cells,  each 
driven  by  three  modulators. 

III.  RESULTS  AND  COMMENTS 

Figure  4  shows  a  set  of  typical  waveforms  for  an  annealed 
core  with  zero  beam  current,  using  the  capacitor-grounded 
circuit  and  the  longer  pulse.  The  four  traces  show  many 
aspects  of  circuit  behavior.  Trace  1  is  the  PFN  voltage  on  a 
slow,  0.2  ms,  sweep.  It  shows  the  24-ps  recovery  and  voltage 
remaining  after  each  of  two  pulses.  We  ignore  the  first  pulse, 
since  it  is  based  on  the  supply  voltage,  3.5  kV.  The  voltage 
then  rises  to  5  kV,  which  is  the  limit  of  our  six  switches,  and 
the  circuit  is  triggered  again  after  a  delay  of  104  ps  (the  delay 
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Fig.  4.  Waveforms  for  one  cell  (l/27/95#l). 

is  arbitrary  from  25  ps  to  1  ms,  after  which  the  PFN  voltage 
droops). 

Traces  2,  3  and  4  refer  to  the  second  pulse.  They  are  the 
output  gap  voltage  (3.7  kV),  current  from  one  pulser  (67  A) 
and  PFN  voltage,  respectively,  with  a  2-ps  sweep.  The  total 
current  to  the  cell  is  3x67=201  A  peak.  Trace  2  shows  the 
droop  and  trace  3  the  accelerated  current  rise  during  the  last 
200  ns  of  the  pulse,  both  due  to  the  onset  of  core  saturation. 
(The  gap  voltage  is  flat  at  lower  supply  voltage.)  Trace  4 
shows,  during  the  first  200  ns,  effects  of  the  transient  switch 
resistance.  (Note  that  the  PFN  is  adjusted  for  trace  2  flatness, 
not  trace  4.)  Trace  4  also  shows  a  small  inductive  transient 
just  after  the  pulse. 

After  the  second  pulse,  the  PFN  voltage  rises  to  an  inter¬ 
mediate  value,  4.4  kV,  a  result  of  the  resonant  charging  method 
combined  with  the  fact  that  some  energy  remains  in  the  PFN. 
This  point  is  discussed  below. 

The  general  behavior  shown  in  Fig.  4  is  very  similar  for  the 
0.4-ps  pulse,  and  for  the  alternate  circuit. 

Variable  Duration 

The  large  negative  overshoot  seen  in  trace  2  of  Fig.  4  is 
typical  of  these  circuits  and  leads  to  an  important  conclusion. 
Early  in  the  project  we  speculated  that  the  pulse  duration  could 
be  varied  in  two  or  three  steps  by  setting  the  onset  of  one  core 
pulse  to  coincide  with  the  fall  of  another  core  pulse.  In  effect 
the  beam  would  see  a  longer  pulse.  This  method  does  not 
work,  in  part  because  of  the  overshoot,  and  also  because  of 
small  transients  where  the  two  pulses  overlap.  However,  the 
simpler  alternative  method  works  very  well,  as  follows. 

The  pulse  duration  is  varied  by  designing  the  PFN  for  the 
longest  pulse  and  reducing  the  gate  duration  for  shorter  pulses. 
While  this  may  be  obvious  given  solid-state  switches,  we  were 
concerned  about  switch  burnout  ft-om  the  transient  always 
present  when  large  currents  are  turned  off  in  inductive  circuits. 

We  find  that  the  transient  is  not  serious.  For  long  pulses, 
where  the  switch  is  opened  at  the  end  of  the  pulse,  the  current 
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and  remaining  energy  is  adequately  small  (trace  4  in  Fig.  4). 
As  the  gate  duration  is  shortened  corresponding  to  higher 
required  beam  currents,  loading  by  the  beam  dominates  the 
circuit  and  the  inductive  "spike"  is  still  small.  Where 
efficiency  is  not  an  issue  (e.g.,  for  E^SE),  the  question  is  moot 
since  the  duration  can  be  fixed. 

Dynamic  Impedance 

As  soon  as  the  beam  simulation  circuit  functioned,  we 
demonstrated  an  important  conclusion:  the  current  supplied  by 
the  modulators  automatically  increases  linearly  as  the 
simulated  beam  current  is  increased.  For  example,  the  total 
peak  cell  current  increased  from  114  A  to  210  A  as  the  beam 
current  increased  from  zero  to  125  A.  At  the  same  time  the 
gap  voltage  decreased  from  2.7  kV  to  1.8  kV.  We  thus  found 
the  dynamic  impedance,  -dVg^p/dl^  ,  to  be  7.3  Q  for  one  cell 
with  three  PFNs.  Three  cells  yielded  20  Q,  in  rough  agreement 
with  that  expected. 

Figure  5  illustrates  a  problem  with  our  simulation:  the  rise 
time  of  the  beam  modulator  is  long  (-0.4  \is).  The  beam  drives 
current  into  the  strongly-coupled  core  pulsers  before  they  are 
fully  on.  This  results  in  the  negative  transient  just  before  the 
main  pulse  and  some  distortion  of  the  flat  top.  The  distortion 
varies  with  the  delay  of  the  beam  relative  to  the  pulsers.  The 
example  shown,  and  the  impedance  values  above,  are  for  the 
0.4-p.s  PFN,  below  saturation. 

A  lower  dynamic  impedance  would  reduce  the  above  effect; 
it  would  also  reduce  the  possibility  of  unstable  behavior  in  a 
real  recirculator.  For  this  purpose  additional  core  pulsers  can 
be  added.  For  example,  six  pulsers  could  be  connected  to 
each  cell.  The  method  pursued  by  the  LLNL  group,  based  on 
discharge  of  a  large  capacitor  bank,  provides  a  low  source 
impedance  but  does  not  easily  lend  itself  to  pulse  shaping  and 
requires  considerably  more  energy  storage. 

Efficiency 

The  efficiency  of  this  cell/circuit  combination  is  relatively 
good.  To  quantify  this  we  use  a  simple,  direct  method  to 
measure  loss:  compare  the  pulse  energy  delivered  to  the 
"beam"  (xVg^pI^,  where  t  is  the  duration),  with  the  energy 
stored  in  the  PFN  (CY^f^/2)  minus  any  energy  remaining  in  the 
PFN.  For  reasonable  accuracy  the  method  depends  on  the 
relatively  rectangular  pulse  provided  by  the  switches  and  the 
tapered  PFN.  At  zero  beam  current  the  loss  measured  in  this 
way  is  primarily  core  loss,  including  both  magnetization  and 
eddy  loss.  We  found  the  switch  loss  is  -8%  of  the  core  loss. 

Using  this  method  we  find  the  core  loss  for  0.9  |is  fits  the 
curve  W  =  50(Vg^)^‘*  mJ,  with  V  in  kV,  for  the  annealed  cores 
up  to  our  present  limit,  3.6  kV.  From  these  measurements  we 
calculate  a  promising  efficiency  of  72%  for  a  beam  current, 
250  A,  roughly  matched  to  the  cell  impedance.  The  unannealed 
core  is  considerably  more  lossy,  e.g.,  at  3.2  kV  it  is  700  mJ  v^. 
405  mJ  for  the  annealed  cores.  (At  higher  gap  voltage  the 
pulse  shape  for  the  unannealed  core  has  substantial  droop.) 

For  low  beam  current  a  significant  amount  of  energy 
remains  in  the  PFN  after  each  pulse;  for  high  beam  current  the 
core  loss  tends  to  be  small  compared  to  the  energy  delivered  to 
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Fig.  5.  Vg^  =  4kV  (3  cores),  with  96-A  beam  (ll/7/94#l). 

the  beam.  The  core  is  basically  viewed  as  a  transformer,  with 
little  circuit  loss  other  than  the  transformer  itself. 

Some  dc  bias  reset  current,  in  the  2-3  A  range,  was  always 
necessary.  Near  saturation  the  required  bias  increased  to  5  A 
for  the  circuit  which  provided  reset  and  10-15  A  for  the  circuit 
which  did  not. 

Command  Charging 

Command  charging  provides  more  precise  control  of  the 
PFN  voltage.  We  have  used  a  single  IGBT  with  a  20-|is  gate 
to  drive  a  1:9  stepup  transformer,  yielding  a  secondary  pulse  of 
5  kV.  This  pulse  drives  three  PFNs  directly  with  the  normal 
2-mH  charging  inductors  removed.  The  leakage  inductance  of 
the  pulse  transformer  is  ideal  for  the  resonance  charging 
inductance.  Command  charging  has  an  important  bonus:  the 
varistors  used  for  fault  protection  can  be  chosen  to  use  the 
most  suitable  regime  of  their  nonlinear  resistance,  allowing 
optimum  protection  for  the  solid-state  switches. 

In  summary,  we  have  successfully  developed  core  driving 
circuits  which  are  relatively  efficient,  low  in  cost  and  whose 
pulse  shape  can  be  precisely  tailored.  We  believe  these 
methods  can  be  extended  to  higher  voltage. 

We  thank  A.  Fisher  and  many  members  of  the  LBL  and 
LLNL  HIF  groups  for  discussions  and  assistance. 
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Abstract 

A  high  current  low  emittance  high  charge  state  heavy 
ion  beam  source  is  being  developed.  This  is  designed  to 
deliver  HIF  (heavy  ion  Fusion)  driver  accelerator  scale  beam. 
Using  high-charge-state  beam  in  a  driver  accelerator  for  HBF 
may  increase  the  acceleration  efficiency,  leading  to  a  reduction 
in  the  driver  accelerator  size  and  cost.  The  proposed  source 
system  which  consists  of  the  gas  beam  electron  stripper 
followed  by  a  high  charge  state  beam  separator,  can  be  added 
to  existing  single  charge  state,  low  emittance,  high  brightness 
ion  sources  and  injectors.  We  shall  report  on  the  source 
physics  design  using  2D  beam  envelope  simulations  and 
experimental  feasibility  studies’  results  using  a  neutral  gas 
stripper  and  a  beam  separator  at  the  exit  of  the  LBL  2  MV 
injector. 


1.  Introduction 


injector.  The  injector  output  beam  envelope  is  formed  in  Ql, 
an  electrostatic  quadrupole,  to  match  geometrical  requirements 
by  the  beam  stripper  design.  The  beam  is  emerging  from  Ql 
having  a  sheet  (rectangular)  cross  sections  along  a  60  to  70 
cm  path.  The  long  path  allows  placing  of  the  neutral  gas 
beam  stripping  system  and  the  electrostatic  beam  separator 
between  Ql  and  Q2. 
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Fig.  1  High  charge  state  source  schematics 


The  Heavy  Ion  Fusion  Accelerator  Research  (HIFAR) 
program  is  looking  into  the  possibility  of  using  induction 
linacs  as  drivers  in  an  inertial  confinement  fusion  (ICF)  power 
plant  scenario  [1].  An  induction  linac  driver  is  envisioned  now 
as  a  multiple  beam  accelerator  [2]  which  after  combining, 
acceleration,  compression  and  final  focusing  hits  the  target  in 
the  energy  plant  reactor.  Each  accelerator’s  ion  beam  can  be 
produced  in  a  source  injector  system.  A  driver  scale  source 
system  will  deliver  a  1  Amp  beam  with  a  line  charge  density 
of  0.25  micro  C/m.  The  beam  transverse  emittance  should  be 
kept  small  (about  1  mm-mrad)  to  allow  efficient  final 
focusing  and  some  growth  when  the  beam  pass  through 
combining  system.  Heavy  ion  driver  accelerator  studies  (1,2) 
anticipate  that  the  use  of  ion  beams  with  a  charge  state  q 
higher  than  1  is  desirable  for  lowering  the  accelerator  length 
and  cost.  We  propose  a  source  system  which  consists  of  a 
neutral  gas  beam  electron  stripper  followed  by  a  high  charge 
state  beam  separator.  The  system  can  be  added  to  existing 
single  charge  state,  low  emittance,  high  brightness  ion 
sources  and  injectors. 

2.  Source  concept  description 

A  schematic  of  the  proposed  source  system  is 
presented  in  Fig.  1.  The  source  is  placed  at  the  exit  of  the 
matching  section  of  the  LBL  2  MV  0.8A  K+  ion  beam 


Preliminary  2D  (MATCH  code)  beam  envelope 
simulations  to  explore  the  physics  design  feasibility  of  the 
source  system  were  performed.  The  simulations’  results  are 
shown  in  Fig.  2.  One  can  see  that  the  injector  matching 
section  output  beam  having  a  radius  of  1.5  cm  and  22  mr 
divergence,  at  the  beam  focus  (waist),  is  formed  into  a  beam 
having  a  1.5  x  4  cm  cross  section  at  Ql  exit  and  about  1.5  x 
6  cm  at  Q2  input.  The  beam  propagates  along  a  path  of  70  cm 
allowing  enough  space  for  the  beam  stripping  and  separation 
systems  while  maintaining  a  narrow  1.5  cm  beam  between  Ql 
andQ2. 
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Fig.  2  Source  beam  envelope  simulations  using  the  2D 
MATCH  code. 
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3.  Source  feasibility  experiment 


Separating  the  various  high-charge-state  particles 
from  the  full  (780  mA)  beam  could  cause  emittance  growth  in 
the  separated  beam  components.  This  increase  in  emittance 
could  originate  from  non  linearities  due  to  the  space-charge 
fields  from  each  component  as  well  as  the  fringe  fields  from 
the  separator.  To  quantify  the  emittance  growth  after 
separation,  we  have  run  computer  calculation  using  the 
Particle-in-Cell  codes  WARP3D  and  ARGUS.  Fig.  3  shows 
the  K"*"^  beam  vertical  and  horizontal  phase  space  profile  at 
the  exit  of  the  separator.  The  calculation  results  show  that  the 
emittance  of  the  sources  can  be  maintained  to  about  1 
mm-mr. 

after  Mparation 

Initial 


x(mm) 


y(nim) 

Fig.  3  Calculated  K++  beam  vertical  (lower)  and  horizontal 
(upper)  phase  at  separator  output.  Initial  normalized  emittance 
is  1  mm-mr  and  final  1.1  mm-mr. 


The  stripping  gas  system  was  placed  and  tested  at  the 
exit  of  the  LBL  2  MV  K+  ion  beam  injector  with  in  the 
injector  existing  "diagnostics  box"  tank.  A  2  mm  width  beam 
aperture  is  used  to  limit  the  beam  current,  i.e.,  divergence,  at 
the  injector  exit.  The  beam  drifts  along  a  distance  of  12" 
within  the  diagnostics  box  into  the  beam  stripping  system. 
The  stripping  system  consists  of  the  stripping  gas  container 
(SGC)  placed  within  the  differential  pumping  compartment. 
The  beam  is  apertured  in  the  stripping  system  using  four  0.5 
by  20  mm  slits  at  the  inputs  and  exits  of  the  SGC  and 
differential  pumping  compartment.  Using  the  apertures  reduces 
the  pumping  system  requirements  and  eliminates  the  need  for 
high  current  beam  containing  (focusing)  lenses  (quadrupoles) 
by  reducing  the  beam  current.  The  beam  stripping  gas  pressure 
can  be  controlled  by  a  point  sephire  valve  any  were  between  a 
few  mTorr  up  to  above  1  Torr.  The  tilt  of  the  SGC  is  fine 
aligned  to  coincide  with  the  beam  line  using  an  adjusting 
system  at  the  stripping  gas  inlet  port.  The  beam  out  of  the 
stripping  system  drifts  toward  the  diagnostics  tank  exit  where 
the  following  diagnostics  options  could  be  placed:  A  Faraday 
cup  to  measure  the  beam  time  resolved  current,  a  slit-cup  to 
measure  the  beam  current  density  profile  ,  i.e.,  beam  width 
(angular  distribution),  or  an  energy  analyzer  which  consists  of 
a  coaxial  electro  static  beam  90  degrees  bend.  The  measured 
beam  width  can  lead  to  the  evaluation  of  the  beam  transverse 
emittance  assuming  the  slited  beam  (low  current)  is  emittance 
dominated.  The  analyzer  is  used  for  separating  the  stripped 
beam  into  the  various  charge  states  and  for  each  charge  state  it 
measures  the  time  resolved  beam  longitudinal  energy  and 
current. 

A  simple  and  quick  way  for  measuring  the  charge 
state  integrated  stripping  efficiency  is  by  measuring  the  total 
stripped  beam  current  using  the  Faraday  cup  at  the  stripping 
system  exit.  The  ratio  of  the  stripped  beam  current  (enhanced 
by  the  higher  charge)  Ip  taken  at  a  stripping  gas  pressure  p  to 
the  vacuum  current  Iv,  can  be  a  measure  of  the  charge  state 
integrated  stripping  efficiency  Ip/Iv  or  the  mean  charge  state 
qm.  Fig  4  presents  a  He  stripped  1.1  MV  beams  pressure 
dependence  of  Ip/Iv  and  Wp/Wv  were  Wp  is  the  beam  width 
measured  at  a  He  pressure  p  Wv  in  vacuum.  These  results 
show  that  using  the  He  gas  beam  stripping  technique  in  the 
pressure  range  50  to  100  mTorr  can  result  a  high  charge  state 
beam  without  degrading  the  beam  emittance. 
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of  30%,  42%,  19%,  9%  in  charge  states  1,  2,  3,  4 
respectively. 


Fig.  4  Pressure  normalized  He  stripped  beam  width  WpAVv 
and  current  Ip/Iv  vs.  He  pressure. 


4.  Discussion 

The  above  measurements  in  the  He  stripped  beams 
were  limited  to  beam  energies  of  1.8  MV.  In  anticipation  of 
using  the  injector  full  energy  beam  (2  MV)  we  extrapolated 
the  above  measurements  results  to  a  2  MV  beam  using  Betz 
formula  which  was  shown  to  be  in  agreement  with  our 
experimental  results.  Thus  qm  of  2.3  measured  in  a  1.8  MV 
beam  can  be  extrapolated  to  qm  of  2.5  in  a  2  MV  beam.  The 
stripped  beam  charge  states  distribution  width  H  is  calculated 
using  Betz  [3]  formula: 

H  =  0.271  (Z)  =  1.18 


Fig  5  presents  the  measured  qm  max  vs  beam  energy 
Ub  (up  to  1.8  MV)  in  good  agreement  with  calculations  using 
Betz  formula  [3].  The  measurements  were  repeated  using 
heavier  neutral  stripping  gas  like  N2  and  Ar  showing  a 
beginning  of  a  growth  in  Wn  ,  i.e.,  in  the  emittance  in  a 
lower  stripping  gas  pressure. 
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Fig.  5  Measured  (Faraday  cup.  Energy  analyzer)  and  calculated 
(Betz  formula)  mean  charge  state  Qm  beam  energy  Ub. 


Beam  energy  and  current  measurements  for  each  beam 
charge  state  were  taken  on  a  0.9  MV  beam  passing  through 
200m  Torr  of  He  gas  using  the  beam  energy  analyzer.  The 
measured  beam  time  resolved  longitudinal  mean  energy 
profiles  in  the  separated  beams  indicated  (within  0.1%  analyzer 
resolution)  small  or  no  energy  losses.  Integrated  beam  current 
measurements  in  each  charge  state  beam  led  to  a  beam  particle 
distribution  of  47%,  33%,  15%,  5%  and  current  distribution 


Where  Z=19  for  a  K  ion.  The  increase  in  qm  to  2.5 
with  an  H  of  1.18  can  lead  to  an  increase,  in  the  charge  state 
two  beam  particles  content,  from  33%  in  a  Ub  =  0.9  MV 
beam  to  42%  in  2  MV.  Further  emittance  reduction  is 
anticipated  in  a  stripped  2  MV  beam  when  using  emittance 
growth  calculations  (4)  which  accounts  for  beam  scattering  in 
the  gas,  and  are  consistent  with  our  experiment  for  beam 
energies  up  to  1.5  MV.  The  above  results  demonstrate  the 
feasibility  of  the  natural  gas  stripping  technique  for  achieving 
a  source  of  high  charge  state,  high  current  low  emittance, 
heavy  ion  beam. 

*  Work  supported  in  part  by  DOE  SBIR  grant  no.  DE-FG03-- 
94ER81741. 
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Abstract 

A  700kVj  700A  pulse  modulator  capable  of  repetitive  opera¬ 
tion  is  under  development  for  use  in  our  high  power  microwave 
program.  The  output  pulse  is  designed  to  give  a  flat  top  of  about 
200ns  at  the  rated  voltage.  The  transformer  consists  of  two  sets 
of  ferrite  cores  with  their  primaries  driven  in  parallel  and  their 
secondaries  connected  in  series.  The  primary  on  each  core  con¬ 
sists  of  24  windings  of  2  turns  each,  distributing  the  flux  evenly 
throughout  the  core.  The  secondary  winding  has  20  turns  which 
links  both  cores,  giving  a  20:1  step-up  transformer  for  a  IkQ 
matched  load.  A  novel  pulser  arrangement  has  been  used  to 
drive  the  transformer.  Each  core  is  driven  by  two  pulse  lines 
plus/minus  charged  to  ^  AOkV  with  a  switch  connecting  the  two 
lines.  In  matched  conditions  this  gives  a40ArV’  voltage  across  the 
load.  This  configuration  produces  a  fast  rising  pulse  eliminating 
the  pulse  rise  time  degradation  associated  with  the  transfer  func¬ 
tion  of  a  discrete  element  pulseline.  The  transformer  has  been 
tested  at  lOOkV  with  a  variety  of  dummy  loads  at  low  repetition 
rate.  Preliminary  results  are  also  reported  at  high  voltage  with 
the  modulator  under  oil. 


1.  INTRODUCTION 
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We  present  in  this  paper  a  summary  of  results  obtained  in  the 
development  of  a  lOOkV  modulator  capable  of  driving  a  high 
power  microwave  source  suitable  for  a  linear  collider.  The  de¬ 
velopment  is  on  going  and  a  further  version  of  the  modulator  will 
be  required  for  the  final  device.  We  have  to  date  bench  tested 
two  versions  of  the  modulator  and  will  report  key  results  from 
each  phase  of  the  investigation  [  1  ] .  In  the  first  transformer  tested 
each  set  of  cores  was  powered  by  two  artificial  transmission 

lines  and  was  expected  to  give  an  output  voltage  of  up  to  7 00k  V 
at  350 A.  Low  voltage  tests  were  encouraging  but  both  low  and 
high  voltage  tests  under  oil  (albeit  in  a  rather  small  tank)  indi¬ 
cated  that  parasitic  capacitance  loaded  the  secondary  and  that 
the  rise  time  was  degraded.  We  have  since  doubled  the  number 
of  lines  driving  the  primary  and  have  carried  out  testing  at  low 
lOOA:^)  output  voltage.  Initial  tests  at  high  voltage  are  also 
reported.  The  module  rise  time  performance  is  degraded  over 
that  found  with  the  two  50  drivers,  probably  due  to  leakage  in¬ 
ductance  and/or  non-uniform  core  excitation  from  the  primary 
feed  buss.  Tests  indicate  that  we  should  be  able  to  produce  a 
200ns  flat  top  pulse  (±5%)  into  a  800  -  17000  load  in  the  cur¬ 
rent  device,  but  that  further  modifications  are  required  for  opti¬ 
mal  performance.  In  the  following  sections  we  detail  the  design 
of  the  transformer  and  present  results  on  its  performance.  Indi¬ 
cations  of  possible  limitations  in  the  performance  of  the  present 
device  are  given  and  future  modifications  suggested. 


Figure.  1.  SPICE  code  results  showing  voltage  into  a  matched 
load  for  a  conventional  Blumlein  configuration  (upper  frame) 
and  the  plus/minus  configuration  (lower  frame). 

IL  TRANSFORMER  DESIGN. 

Before  discussing  the  transformer  performance  we  illus¬ 
trate  the  improvement  in  rise  time  of  the  driving  pulse  in  the 
plus/minus  charge  configuration  over  that  in  the  conventional 
Blumlein  configuration.  This  result  has  been  confirmed  exper¬ 
imentally,  Fig.  1  shows  SPICE  simulation  results  obtained  for 
the  output  voltage  pulse  into  a  matched  resistive  load  in  both  con¬ 
figurations.  It  is  clear  that  the  former  configuration  is  better  than 
that  obtained  with  the  Blumlein,  A  decrease  in  the  rise  time  for 
a  six  section  line  into  a  matched  load  from  about  100ns  for  the 
Blumlein  to  50ns  for  the  plus/minus  charge  arrangement  is  ob¬ 
served.  The  rise  time  in  the  plus/minus  charge  configuration  is 
not  degraded  by  the  response  of  the  artificial  pulse  line,  nor  are 
the  fluctuations  in  the  output,  which  are  clear  in  the  Blumlein 
configuration,  apparent.  We  use  this  configuration  in  the  trans¬ 
former  and  obtain  a  rise  time  of  the  primary  pulse  of  less  than 
100ns. 

The  pulse  transformer  is  shown  schematically  in  Fig.  2.  It 
consists  of  two  10:1  step  up  transformers  with  their  secondaries 
joined  in  series  to  give  a  20:1  voltage  gain  for  the  transformer. 
Both  of  the  transformer  primaries  are  separately  energized  by 


*Work  supported  by  US  Dept,  of  Energy 
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1:10 


Figure.  2.  Schematic  of  pulse  transformer 


two  5Q  pulse  lines  plus/minus  charged  to  40  kV.  The  trans¬ 
former  cores  consist  of  two  sets  of  3  TDK-PE14  Ferrite  cores, 
each  of  which  has  a  flux  swing  of  7mVs.  In  order  to  distribute 
and  maintain  flux  uniformity  throughout  the  core  material  the 
primary  winding  consists  of  24  equally  spaced,  two  turn  wind¬ 
ings  connected  in  parallel.  The  secondaries  have  two  counter¬ 
wound  twenty  turn  windings  to  provide  efficient  coupling,  and 
to  separate  the  high  voltage  output  from  the  low  voltage  termi¬ 
nal.  The  20  turn  secondaries  encircle  both  sets  of  cores  giving  a 
voltage  step  up  of  20:1.  As  discussed  at  the  start  of  this  section 
the  transmission  lines  are  switched  by  a  low  inductance  triggered 
gas  switch  located  between  the  two  lines  as  shown  in  the  figure. 
In  this  location  the  rise  time  of  the  system  is  decreased  compared 
to  that  obtained  from  a  Blumlein  driver. 

The  24  parallel  two  turn  windings  are  wound  tightly  around 
the  cores  and  are  distributed  uniformly  around  the  circumference 
of  the  cores.  The  windings  are  separated  from  each  other  at  the 
mid-plane  of  the  cores  by  about  1.5  inches  so  that  there  is  a  sub¬ 
stantial  mutual  inductance  coupling  tending  to  keep  the  currents 
in  each  path  constant.  The  secondary  windings  are  on  a  tapered 
former  giving  a  variable  spacing  between  the  winding  and  the 
cores  of  0.5  in.  at  the  low  voltage  end  up  to  3  in.  at  the  high  volt¬ 
age  end.  There  are  two  sets  of  20  turn  windings  counterwound 
on  opposite  halves  of  the  cores  so  that  the  low  and  high  volt¬ 
age  ends  of  the  transformer  are  180^  apart.  The  transformer  is 
immersed  in  an  oil  filled  tank  with  internal  dimensions  4Sin.  x 
27in.  X  46m.  When  used  to  drive  an  electron  beam  the  output 
will  be  taken  to  an  electron  gun  diode  through  a  20fn.  diame¬ 
ter  port.  In  most  of  the  results  reported  in  this  paper  the  trans¬ 
former  is  operated  at  low  voltage  100-140  kV  output)  and  is 
not  immersed  in  the  oil.  Two  sets  of  data  are  presented,  one  with 
the  transformer  fed  by  two  5Q  lines  and,  in  the  second  case  with 
the  number  of  driving  elements  doubled  giving  a  matched  input 
impedance  of  5^^  and  pulse  line  impedances  of  2.5Q.  The  total 
energy  stored  in  the  capacitors  in  the  primary  transmission  lines 
is  270  Joules. 
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Figure.  3.  Primary  current  and  the  secondary  voltage  for  the  5^^ 
line  driven  transformer. 


III.  EXPERIMENTAL  DATA 

In  figure  3  we  show  waveforms  for  the  first  case  (with  the  sys¬ 
tem  fed  by  two  5Q  lines).  The  data  show  the  primary  current 
through  a  single  section  of  the  transformer  and  the  secondary 
voltage  with  a  resistive  dummy  load  of  2ArQ.  The  output  volt¬ 
age  is  about  l25kV  and  the  current  60A.  The  primary  current  is 
about  800  A,  slightly  higher  than  the  factor  of  ten  increase  over 
the  secondary  current  expected.  The  core  magnetization  current 
is  about  50  A.  The  secondary  voltage  waveforms  have  a  dura¬ 
tion  of  340ns  at  half  height  and  a  duration  of  190ns  above  90% 
of  peak  value. 

When  the  transformer  was  immersed  under  oil  the  system  was 
taken  up  to  an  output  voltage  of  about  450Ar  with  an  input  volt¬ 
age  of  approximately  23kV.  The  output  voltage  waveform  is 
shown  in  fig  4.  The  waveforms  indicate  adequate  voltage  insula¬ 
tion  at  the  400  -  500/:  level,  but  show  the  loading  of  the  trans¬ 
former,  when  it  is  immersed  in  oil.  The  loading  is  believed  to  be 
a  result  of  the  parasitic  capacitance  due  to  the  proximity  of  the 
tank,  and  to  the  increase  in  the  stray  capacitance  between  the  pri¬ 
mary  and  the  secondary  due  to  the  presence  of  the  oil.  A  rate  of 
change  of  voltage  at  the  secondary  of  10^^  V^/s  (corresponding  to 
low  voltage  operation  at  lOOArK)  requires  a  capacitance  of  about 
20pF  to  account  for  the  increase  in  the  rise  time  of  the  output 
pulse.  This  is  a  40%  effect  for  the  higher  impedance  drive  line 
and  20%  for  the  second  case.  In  the  latter  case  there  is  more  cur¬ 
rent  available  than  required  and  the  effect  is  unimportant.  Alter¬ 
natively  the  use  of  a  larger  tank  would  alleviate  the  problem. 

Similar  data  have  been  obtained  for  a  variety  of  loads  ranging 
from  700  — 1800^^  with  the  input  line  impedance  halved,  but  un- 
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Figure.  4.  Secondary  voltage  with  transformer  under  oil. 

der  otherwise  comparable  conditions.  In  this  case  we  have  con¬ 
firmed  that  the  gain  is  as  expected  and  the  system  will  hold  volt¬ 
age  up  to  at  least  450 the  highest  voltage  tested  to  date.  The 
primary  and  secondary  waveforms  follow  each  other  well  but  the 
rise  time,  again  with  the  transformer  under  oil,  is  degraded  com¬ 
pared  to  that  expected. 

IV.  DISCUSSION  OF  RESULTS 

In  the  experiments  reported  above  we  have  investigated  the 
performance  of  a  pulse  transformer  under  two  sets  of  operating 
conditions.  In  the  first  configuration  the  transformer  was  effec¬ 
tively  driven  by  a  51^  transmission  line  with  a  200ns  flat  top.  In 
this  case  the  output  voltage  followed,  in  zero  order,  the  input. 
However,  when  the  transformer  was  immersed  in  oil  the  rise  time 
was  degraded  to  an  unacceptable  level.  As  a  result  the  input  drive 
impedance  was  halved  by  doubling  the  number  of  transmission 
lines  feeding  the  transformer. 

The  rise  time  of  the  output  pulse  is  controlled  in  part  by 
the  leakage  inductance  and  the  stray  capacitance,  and  by  the 
impedance  of  the  driver  pulse  lines.  In  addition  we  have  noted 
and  measured  a  degradation  in  the  rise  time  due  to  the  time  it 
takes  the  primary  excitation  wave  to  propagate  around  the  cores. 
In  the  design  used  the  primary  turns  are  connected  to  a  two  wire 
buss  which  surrounds  the  cores.  The  buss  is  fed  from  both  ends 
so  that  the  propagation  time  is  halved  over  that  which  would  be 
obtained  if  the  buss  were  fed  from  a  single  end.  We  have  discon¬ 
nected  one  of  the  two  feeds  and  have  observed  an  increase  in  the 
rise  time  of  about  70ns. 

Unfortunately  we  cracked  one  of  the  cores  in  assembly  and 
this  caused  breakdown  in  the  low  voltage  tests  in  air.  The  crack 
became  wider  during  the  testing  and  the  transformer  perfor¬ 
mance  deteriorated.  The  close  coupling  of  the  two  sets  of  cores 
by  the  secondary  winding  causes  the  effect  of  the  crack  to  affect 
both  primaries  and  may  be  responsible  in  part  for  the  slow  rise 
time  of  the  output  signal. 

V  CONCLUSIONS 

The  pulse  transformer  configuration  tested  has  a  number  of 
novel  features  which  lead  to  a  the  realization  of  a  compact  high 
gain  transformer  with  a  short  rise  time.  These  include  a  novel 
switching  arrangement  and  the  series  summation  of  the  output 
of  two  10: 1  transformers  in  order  to  achieve  a  20: 1  voltage  gain 


device.  The  transformer  is  being  disassembled  to  replace  the 
cracked  core  and  a  number  of  improvements  will  be  made  in  re¬ 
assembly.  These  will  include  splitting  the  primary  feeds  into  at 
least  4  sections  instead  of  the  two  used  in  the  present  work.  The 
number  of  parallel  turns  in  the  primary  will  be  reduced  to  12 
to  reduce  the  stray  primary  to  secondary  capacitance  .  We  also 
plan  to  slightly  reduce  the  leakage  inductance  between  the  pri¬ 
mary  and  secondary  since  the  present  gap  is  overly  conservative. 
This  change  and  the  reduction  in  the  capacitance  work  in  oppo¬ 
site  directions  and  careful  modeling  is  required  to  quantify  these 
effects.  With  these,  and  other  less  important  modifications,  we 
expect  to  obtain  an  output  pulse  with  a  better  rise  time,  a  higher 
energy  transfer  efficiency  and  a  flat  top  output  of  at  least  200ns 
at  the  rated  output  conditions. 
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Abstract 

The  high-voltage  electron  accelerator  with  an  energy  of  3 
MeV  and  a  beam  power  up  to  200  kW  comprising  a  high- 
voltage  generator  based  on  a  single-phase  transformer- 
rectifier  without  iron  core  is  under  development.  The 
accelerator  is  meant  for  purification  of  wasted  waters, 
sterilisation  of  medical  products  and  ecologically  safe 
treatment  of  logs  before  transportation  with  the  aim  of 
suppressing  the  viability  of  fungus  and  pests,  etc.  The  main 
units  and  systems  of  the  accelerator  are  described.  Versions 
of  the  extracting  device  with  output  of  the  beam  into  the 
atmosphere  or  with  conversion  of  its  energy  into 
bremsstrahlung  are  presented.  The  accelerator  is  equipped 
with  the  unique  electron  irradiation  field  shaping  system  with 
an  elongated  turning  magnet  allowing  an  irradiation  field  up 
to  6  m  in  width  to  be  produced. 


For  many  years  DC  high-voltage  electron  accelerators  for 
the  radiation  technology  based  on  a  single-phase  transformer- 
rectifier  without  iron  core  with  a  particle  accelerating  tube 
arranged  on  its  axis  in  the  energy  range  from  0.3  to  2.5  MeV 
and  beam  current  power  up  to  150  kW  have  been  designed 
and  manufactured  at  the  Efremov  Research  Institute  [1].  We 
have  gained  much  experience  in  their  operation  and  the 
design  of  accelerators  has  been  sufficiently  improved  during 
the  last  years  [2]. 

The  accelerator  of  this  type  is  placed  in  a  metal  vessel, 
filled  with  a  pressurised  electric  insulating  gas.  The  conic 
primary  winding  provides  an  alternating  magnetic  field  with 
a  frequency  of  about  1  kHz  and  an  induction  of  about  100  G. 
The  sections  of  the  secondary  winding  form  the  voltage- 
doubler  scheme  and  are  connected  in  series,  rectified  voltage 
is  applied  to  the  metal-ceramic  accelerating  tube  modules 
made  by  the  diffusion  welding  method.  The  production  of 
such  accelerating  tubes  with  ceramic  insulators  100,  130  and 
200  mm  in  diameters  has  been  organised.  The  electro¬ 
magnetic  screening  of  the  tube  aperture  is  used  to  exclude  the 
effect  of  alternating  magnetic  field  of  the  transformer- 
rectifier  on  the  accelerating  electron  beam  [3].  The  electron 
source  with  a  LaB^^  emitter  has  a  lifetime  of  several 

thousand  hours.  The  accelerated  electron  beam  is 
additionally  focused  and  is  scanned  over  the  outlet  device  in 
two  mutually  normal  directions.  These  accelerators  are 
powered  by  commercial  thyristor  frequency  converters.  The 


total  efficiency  of  conversion  of  electric  power  into  electron 
beam  power  (Tj^-)  exceeds  80%. 

The  schematic  of  the  accelerator  with  an  energy  up  to  2 
MeV  and  a  beam  power  up  to  150  kW  is  shown  in  Fig.l.  The 
high-voltage  rectifying  column  is  0.72  m  in  diameter  and  2.4 
m  in  height.  The  accelerated  electron  beam  is  extracted  into 
an  atmosphere  through  the  220x10  cm  outlet  window,  closed 
by  a  50  mkm  titanium  foil.  This  accelerator  is  under  testing 
now. 


Figure  1,  The  schematic  view  of  2  MeV,  150  kW  high- 
voltage  electron  accelerator  based  on  the  single-phased 
transformer-rectifier  with  the  rectifying  column  0.72  m  in 
diameter. 

Based  on  the  rectifying  modules  with  the  above 
mentioned  diameter  the  accelerator  with  an  energy  of  3  MeV 
and  a  beam  power  up  to  200  kW  is  under  development. 
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By  increasing  the  diameter  of  the  high-voltage  rectifying 
column  up  to  1.2  m  and  using  the  two-period  rectifying 
scheme  it  will  be  possible  to  increase  the  accelerator  power 
up  to  500  kW. 

As  all  of  the  main  components  of  accelerator  are  studied 
sufficiently,  we  do  not  foresee  any  serious  technical  or 
technological  problems  in  designing  such  a  machine.  As  seen 
from  Fig.2,  the  dimensions  of  this  accelerator  are  increased 
in  comparison  with  the  2  MeV  one,  as  they  are  determined  in 
general  by  accelerating  voltage,  but  they  do  not  differ  much 
from  those  of  a  3  MeV,  200  kW  machine. 

The  accelerators  with  these  parameters  can  be  used  for 

the  electron  beam  processing  of  materials  and  articles  with  a 

2  2 

surface  density  up  to  1  g/cm  (up  to  2.5  g/cm  if  double¬ 
sided  irradiation  is  used),  for  example,  in  an  installation  for 
sewage  purification. 

Another  possible  application  of  such  accelerators  is  the 
processing  of  materials  and  products  by  bremsstrahlung 
generated  by  the  electron  beam  interacting  with  heavy  metal 
targets  (W,  Ta). 

Similar  installations  of  a  smaller  capacity  have  been  used 
to  sterilise  medical  products,  to  treat  food  for  increasing  its 
preservation  time  and  for  another  sterilisation  processes.  As 
the  experience  with  the  "Dynamitron"  accelerators  used  for 
this  purpose  reveals,  the  cost  of  irradiation  by  bremsstrahlung 
at  energies  of  4  and  5  MeV  does  not  exceed  that  of  isotope 
sources  [4,5]. 

The  efficiency  of  the  electron  beam  power  conversion 
into  bremsstrahlung  (y)  at  these  energies  is  0.15  and  0.18, 
respectively,  the  above  mentioned  accelerators  have  r|  ^  =  40 
^50%,  thus  the  ratio  of  bremsstrahlung  power  (p^)  to  total 
electric  consumed  power  )  is  0.07-^0.08. 

The  coefficient  of  electron  energy  conversion  into 
bremsstrahlung  for  3  MeV  electrons  is  0.12.  With  Tj  ^  =0.8 
the  total  efficiency  •  v  =  0.096  is  possible.  It  allows  the 
accelerators  based  on  the  single-phase  transformer-rectifier  to 
be  considered  as  the  effective  source  of  bremsstrahlung. 

Through  the  conversion  of  accelerated  electrons  energy 
into  bremsstrahlung  a  certain  portion  of  energy  is  carried 
away  by  reflected  electrons  (about  14%  of  beam  power 
according  to  [5]).  These  losses  are  minimum  when  the  angle 
between  incident  electrons  and  target  surface  is  normal,  and 
they  increase  with  the  angle  deviating  from  the  normal.  If 
traditional  scheme  with  beam  scanning  in  the  triangular 
vacuum  chamber  is  chosen,  the  angles  of  incident  electrons 
increase  from  the  target  centre  and  reach  the  maximum  on  its 
edges  (see  Fig.l).  This  causes  also  another  problem,  as  the 
target  effective  thickness  increases  with  a  change  in  the 
angle. 

These  negative  effects  may  be  avoided  by  using  the 
electron  irradiation  field  shaping  systems  with  extended 
bending  magnets,  which  nowadays  are  used  in  our  electron 
accelerators  to  extract  the  scanned  electron  beam  through  the 
outlet  foil  windows  [1,3].  The  projections  of  electron 
trajectories  in  such  a  system  obtained  by  the  numerical 


simulation  are  presented  in  Fig.3.  The  angles  between  the 
target  surface  and  incident  electrons  here  differ  from  the 
normal  along  its  length  by  not  more  than  7°. 

In  spite  of  directed  character  of  bremsstrahlung, 
when  calculating  the  production  capacity  of  an  irradiating 
installation,  it  should  be  taken  into  account  that  not  more 
than  50%  of  bremsstrahlung  is  usually  used  effectively,  i.e. 
T|y  =  0.5.  For  obtaining  a  sufficiently  homogenous  dose 
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Figure  2.  The  schematic  view  of  3  MeV,  500  kW  high- 
voltage  electron  accelerator  based  on  the  single-phased 
transformer-rectifier  with  the  rectifying  colunm  1.72  m  in 
diameter. 
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Figure  3.  Electron  trajectories  projections  in  the  irradiation 
field  shaping  system  with  an  elongated  bending  magnet. 


distribution  in  the  whole  volume  of  irradiated  material  it  is 
important  to  determine  its  optimum  thickness  and  to  use 
double-sided  irradiation  or,  if  possible,  to  rotate  the  objects 
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during  single-sided  irradiation.  The  depth  doze  distribution 
under  double-sided  irradiation  in  material  0.6  m  in  thickness 
and  0.  7  g  /  cw  Hn  density  is  shown  in  Fig.4. 


Figure  4.  Doze  distribution  in  material  0.7  g  j  cm  ^  in 
density  and  60  cm  in  thickness  for  single-  and  double-sided 
irradiation  under  3  MeV  electron  bremsstrahlung. 

The  capacity  of  installation  for  bremsstrahlung  treatment 
can  be  estimated  as  (considering  the  year  as  7000  working 
hours  of  accelerator): 


G  =  25.4 


PeTle'nvV 

PDe 


where: 


|ia 

'Tm®' 

exp()ia  /  2) 

year 

be  more  than  $10  per  1  m^  being  approximately  twice  less 
than  the  cost  of  irradiation  by  isotope  whose  irradiation 
penetrability  is  practically  equal  to  3  MeV  electron 
bremsstrahlung.  The  sterilising  installation  with  high-voltage 
electron  accelerators  is  absolutely  safe,  when  switched  off,  as 
there  are  no  radioactivity  in  the  installation  components  and 
in  the  treated  material. 
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is  electric  power  consumed  by  the  accelerator,  kW; 

D  ^  is  the  central  doze,  kGy; 

Cl  is  the  material  thickness,  m; 

|Ll  is  the  average  coefficient  of  irradiation  flow  reduction 
corresponding  to  an  average  energy  of  bremsstrahlung  (1.5 
MeV  for  electrons  with  energy  of  3  MeV),  ; 

P  is  a  density  of  treated  material,  g  j  err^  ^ 


As  an  example  of  the  installation  with  electron 
accelerators  the  process  of  timber  sterilisation  aiming  at 
suppressing  the  vital  functions  of  funguses  and  their  spores 
on  the  wood  surface  and  vermin  and  bacteria  inside  logs  can 
be  considered.  The  diameter  of  logs  to  be  treated  is  0.2-^-0.6 
m,  the  required  dose  in  the  log  centre  is  4  kGy  and  on  the 
surface  -  not  more  than  10  kGy.  The  installation  with  double¬ 
sided  irradiation  including  2  electron  accelerators  200  kW  of 
beam  power  each  (what  equals  to  a  total  output  of  48  kW  of 
bremsstrahlung)  will  provide  a  capacity  of  about  160.000  m" 
per  year  with  7000  working  hours  pear  year.  As  the 
calculations  show,  the  cost  of  irradiation  in  this  case  will  not 
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Abstract 

Date  is  given  on  research,  development  and  testing  of  the 
HV-modulator  with  the  following  parameters:  anode  voltage 
up  to  270kV,  pulsed  current  up  to  230  A,  pulse  width  5 
repetition  rate  300  Hz.  Described  are  structural  peculiarities 
aimed  at  enhancing  the  efficiency  of  pulse- forming,  and 
results  are  presented  of  operational  test  on  a  working  facility. 

INTRODUCTION 

In  accordance  with  the  program  of  upgrading  the  2  GeV 
linear  accelerator  as  injector  for  pulse-stretcher  ring  PSR-2000 
[1],  and,  later,  as  warranted  by  the  need  of  design  and 
manufacture  of  industrial  electron  linacs  with  high  average 
beam  power  and  beam  energy  10-15  MeV,  we  carry  on 
research  and  development  on  rf-sy stems,  in  particular, 
modulators  with  pulsed  power  up  to  70  MW  and  average 
power  more  100  kW  enough  to  drive  the  klystron  tubes  shown 
in  Table  1. 


Table  1:  Main  parameters  of  the  high  power  klystron 
tubes. _ _ _ 


Description 

AURORA 

ARKHAR 

Operating  Freq.(MHz) 

2,797 

2,797 

Peak  Power  (MW) 

20 

18 

Average  Power(kW) 

2.6 

18 

Pulse  Length  (|ULs) 

2.2 

3.3 

Rep.  Rate  (Hz) 

50 

300 

Beam  Voltage  (kV) 

270 

240 

Beam  Current  (A) 

230 

220 

Gain  (dB) 

33 

37 

Efficiency  (%) 

30 

35 

As  was  shown  early[2],  upon  optimization  of  heat  load 
thermal  emission  by  way  of  modification  of  beam  guiding 
conditions  at  the  klystron  and  outfitting  them  with  an  auxiliary 
cooling  system,  the  industrial  serial  klystrons  can  become 
operable  at  high  repetition  rate  and  pulse  width  as  regards  the 
manufacturer’s  specifications.  In  addition,  one  considerably 
increase  the  average  power  output,  in  particular,  this  applies  to 
the  Russian  20  MW  S-band  klystron  "AURORA"  type,  upon 
from  3  to  24  kW  (see,  curve  3  in  Fig.l).  It  must  be  noted  that 
these  parameters  may  be  achieved  in  the  case  forming  HV- 
pulse  with  minimum  head-sag  lengths. 


2.  DESCRIPTION  OF  THE  DESIGN  AND 
PERFORMANCE  CHARACTERISTICS 

Basing  ourselves  on  our  experience  over  many  years  with 
the  2  GeV  linac,  SLAC  accomplishments  and  other 
accelerators  tech  information,  we  chose  to  work  in  our  R&D 
on  the  standard  linear  scheme  with  resonance  charging  of  a 
single  pulse  forming  network  (PFN)  and  a  subrefront 
discharging  via  a  thyratron  switch  (5  kA,  50  kV).  The  ultimate 
goal  of  our  work  was  to  construct  piecemeal  and  assemble  a 
dependable,  high-efficiency  HV-modulator  with  the  main 
specifications  shown  in  Table  2. 


Figure  1:  Experimental  relationships  of  maximum  pulsed- 
power  operation  output  of  klystrons  of  the  types  AURORA 
(curve  1)  and  ARKHAR  (curve  2)  vs.  repetition  rate.  Curve  3 
Stans  for  average  power  relations  of  AURORA  klystrons. 


As  is  known,  the  most  important  elements  that  pre¬ 
determine  the  effectiveness  of  pulse  shaping  in  a  HV- 
modulator  linear  scheme  are  PFN  and  pulse  transformer.  In 
this  connection,  the  mandatory  conditions  are  wave  resistance 
matching  and  enhanced  componental  undemageability  at 
average  power. 
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Table  2:  Main  specifications  of  the  modulator^ 


Peak  Power  (MW) 

62 

Average  Power  (kW) 

100 

Output  PFN  Voltage  (kV) 

20 

Output  PFN  Pulse 
Current(A) 

3000 

Pulse  Repetition  Rate  (Hz) 

300 

4.4 

Pulse  Ratness  (%) 

±0.5 

PFN  Impedance  (Q) 

6.5 

Pulse  Risetime  (ias) 

0.4-0.5 

Pulse  Falltime  (ps) 

1-1.1 

Pulse  Transformer  Turn 
Ratio 

1  :  13 

In  particular,  experimental  studies  of  self-inductance  of 
industrial  capacitors  and  its  influence  on  the  pulse-forming 
efficiency  indicate  (Fig.2)  that  with  increasing  of  capacitor 
self-inductance  (Ls)  the  pulse  shape  sustains  a  considerable 
distortion  owing  to  an  increased  length  of  the  downward  curve 
and  shortening  of  the  flat-top.  Capacitors  of  the  IMK-45-0.027 
type  (manufacturer:  Science  Spon-Off  Producer 
"Kondensator”,  Serpukhov,  Russia;  parameters:  capacitance 
0.027  |LiF,  operating  voltage  45  kV,  discharge  current  4  kA) 
with  self-inductance  less  than  0.1  |XH  allow,  together  with 
employment  of  a  strong,  cell-to-cell  inductive  coupling[3],  for 
pulse-forming  with  minimum  head-sag  lengths  and  pulse 
height  deviation  from  flatness  less  than  0.5  %.  Besides, 
additional  dedicated  R&D  secured  a  vital  decrease  in  heat 
losses  in  the  above  capacitors,  in  other  words,  a  possibility  of 
their  utilization  at  high  average  power. 


Figure  2:  Relationships  of  duration  variations  of  pulse  flat- 
tops  (curve  1)  and  downward  declining  (curve  2)  during 
changes  of  the  residual  inductance  of  the  capacitors. 


Similarly,  the  pulse-forming  efficiency  is  affected  by  an 
increased  diffusion  inductivity  of  the  pulse  transformer,  in 
other  words,  a  lessening  of  inductive  coupling  between 
windings.  In  our  design  version,  we  employ  a  ribbon-type 
conductor  for  the  primary  winding  upon  which  is  supliposed 


the  secondary  in  proportion  1  primary  to  2  secondary  turns. 
Such  setup  permits,  as  is  the  case  with  low-voltage 
transformers[4],  the  considerably  decrease  the  diffusion 
inductivity  which  gives  much  room  for  diminishing  the  effect 
the  pulse  shape  distortion. 


Figure  3:  Oscillographic  image  of  klystron  HV-  pulse  in 
operation  mode. 


3.  CONCLUSION 

These  results,  as  well  as  results  from  other  research 
studies,  laid  the  groundwork  for  blue-printed  design  work  and 
building  of  prototypes. 

The  operating  prototypes  of  HV-modulators,  whose 
parameters  are  given  in  Table  2,  have  met  all  design 
specifications  with  pulse-forming  efficiency  >  85  %  and  total 
efficiency  >15  %.  They  have  been  operated  with  industrial 
accelerators  for  over  3000  h  and  displayed  the  necessary 
dependability  and  parametric  stability. 
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Abstract 

Results  of  the  numerical  simulation  of  the  hollow  high-current 
ion  beam  (HHCIB)  dynamics  in  two  magnet-isolated  accelerat¬ 
ing  gaps  separated  by  the  drift  gap  are  presented.  The  previous 
study  has  shown  that  the  good  charge  and  current  compensations 
of  the  ion  beam  by  the  specially  injected  electron  beam  occur 
in  the  accelerating  gaps  of  the  induction  linac.  However  in  the 
drift  gap  the  high  positive  electric  potential  due  to  the  positive 
space  charge  of  HHCIB  was  obtained  because  the  essential  dif¬ 
ference  between  the  electron  and  ion  drift  velocities  exists  un¬ 
der  this  compensation  method.  This  disadvantage  impairing  the 
brightness  of  the  ion  beam  can  be  considerably  reduced  by  the 
additional  injection  of  the  thermal  electrons  into  the  drift  region. 
In  present  report  the  some  cases  of  the  cold  electron  injection  into 
drift  gap  are  considered.  The  more  optimal  regime  for  the  effec¬ 
tive  charge  and  current  compensations  of  HHCIB  without  loss  in 
the  stability  of  ion  beam  was  found. 

L  INTRODUCTION 

In  the  last  ten  years  the  production  of  charge  compensation 
high-current  beams  by  means  of  the  linear  high-current  accelera¬ 
tor  (linac)  with  magnet-isolated  accelerating  gaps  are  promising 
for  controlled  thermonuclear  fusion  research  [1],  [2].  The  one 
of  the  many  problems,  which  requires  the  particular  attention,  is 
the  good  charge  compensation  of  the  ion  beam  for  suppressing 
the  space-charge  forces  impairing  the  ion  beam  brightness.  As 
shown  our  early  numerical  investigation  [3]-[5]  the  ion  beam  is 
effectively  neutralized  only  in  the  magnet-isolated  accelerating 
gaps  with  the  electron  beam.  The  aim  of  the  present  work  was 
the  numerical  optimization  of  the  ion  and  electron  beams  prop¬ 
agation  through  the  two  magnet-isolated  accelerating  gaps  sep¬ 
arated  by  the  drift  gap. 

II.  EQUATIONS  AND  MODEL 

To  describe  the  collisionless  plasma  dy  namics  of  beams  the 
set  of  relativistic  Vlasov’s  equations  for  the  distribution  func¬ 
tions  of  particles  /(p,  R,t)  in  the  axisymmetric  {d/dd  =  0) 
cylindrical  geometry  R  =  (r,  z)  has  been  used  for  the  investiga¬ 
tion  of  the  transient  and  stationary  processes  in  linac  (here  p  is 
momentum).  The  self-consistent  electric  E{r^  z)  and  magnetic 
jB(r,  z)  fields  including  in  Vlasov’s  equations  are  determined  by 
the  Maxwell’s  equations,  the  right  hands  of  which  are  defined  as 


the  zeroth  and  first  moments  of  the  distribution  functions. 

From  the  set  of  Vlasov’s  equations  can  be  obtained  the  set 
of  the  particles  dynamic  equations  using  the  relations  u  = 

jv,  V  =  {f, i},  V'  =  =  Pff  —  ’^rAe,  (Pe 

is  the  dimensionless  generalized  particle  momentum),  7  = 

is  the  relativistic  factor.  The 
Maxwell’s  equations  using  the  Lorentz  gauge  (diu  A-f  ^  ^  =  0) 
can  be  reduced  to  the  wave  equations  for  the  scalar  <^(r,  z)  and 
vector  A(r,  z)  potentials. 

The  units  of  measurement  using  in  the  next  treatment  are  de¬ 
fined  by  relations:  [v]  =  C,  [VjZ]  =  cliJpe^  W  = 

[n]  =  noe,  [q]  —  e,  M  =  mo,  [(i>,A]  =  jt,  [E^B]  = 
{ATTnoemoC^y^^y  [j]  =  enoeC,  [Pe]  =  W  =  C^/^pe^  [Tee]  = 
moc^,  where  ojpe  =  {ATrnoee^ is  the  electron  plasma 
frequency,  noe ,  rno ,  e  are  the  initial  density,  rest  mass  and  charge 
of  the  electrons  respectively,  Tee  is  the  temperature  of  cold  elec¬ 
trons. 

The  initial  velocity  of  a  given  sort  (s)  of  particles  is  defined  by 
the  boundary  conditions  for  the  distribution  functions  blIz  =  0: 
fs{msU,R,t)  =  S{ur)S{uz  -  uo,)5{ue)  ^trmin<r<rmax  and 
Vz  >  0.  Here  rmin  and  Vmax  are  the  minimum  and  maximum 
beams  radii  respectively  which  define  the  initial  r-coordinates  of 

particles,  uq,  =  14/(1  -  14  is  a  beams  velocity.  At 

(r  =  0,  r  =  rx,)  set  the  reflection  regime.  The  particles  exit  free 
from  the  simulation  region  at  =  zl*  At  the  initial  time  the 
particles  are  absent  in  modeling  region. 

The  boundary  conditions  for  the  potentials  are 

Z=0:  1  dAr  _  1  ^(rAr) 

z  =  ZL  :  j  '  ' 

dAr  _  dAa  _  A 

dz  —  dz  ~ 

r  =  0:  d<l)/dr  =  0 

dAz  /dr  =  Ar  =  dAg  /dr  =  0, 
r  =  ri  :  </>  =  (f>{z)  Az  =  Ar  =  Ag  =  0; 

where  <f>{z)  =  nA^,  n  -  0, . . .,  /C  in  the  drift  gap,  and 
(j>{z)  =  {n  —  1)A,^  +  —  (3n.  —  2)A2),  n  =  .  .,K 

in  the  accelerating  gaps,  A,^  =  —  M/f^>  =  ^l/(3/C) 

are  the  potential  difference  across  the  accelerating  gap  and  the 
length  of  one,  K,  is  the  total  number  of  cusps.  The  initial  condi- 
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tions  for  the  self-consistent  fields  are  A(;6  =  Az  =  Ar  =  Aq  =  ^ 
(here  A  is  Laplasian). 

The  configuration  of  the  external  magnetic  field  is  defined  by 
the  expression  =  —^Ii{kr)cos{kz)  where is  the 
first  order  modified  Bessel  function,  Bo  is  the  amplitude  of  mag¬ 
netic  field,  and  k  = 

The  dynamics  of  particles  is  analyzed  numerically  using  the 
modified  discrete  scheme  of  Belova,  et.al.  [3]. 

III.  DISCUSSION  OF  RESULTS 

Our  previous  investigations  [3]-[5]  of  the  interaction  of  a  hol¬ 
low  magnetized  electron  beam  with  a  hollow  high-current  un¬ 
magnetized  ion  beam  injecting  along  z-axis  into  external  mag¬ 
netic  field  of  both  one-  and  two-  cusps  have  shown  that  (i)  charge 
and  current  compensations  of  the  ion  beam  by  the  specially  in¬ 
jected  electron  beam  occur;  (ii)  the  ion  beam  is  stable  for  the 
time  greater  than  the  reciprocal  Larmor  and  Langmuir  ion  fre¬ 
quencies;  (iii)  the  brightness  of  the  ion  beam  is  impaired  in  the 
drift  gap  between  two  accelerating  gaps  of  linac  since  the  large 
positive  space  charge  is  generated  by  ions  uncompensated  by  the 
retarded  electrons  of  relativistic  electron  beam. 

With  the  aim  of  optimization  of  the  ion  beam  propagation 
through  the  drift  gap  of  the  two  cusps  linac  we  have  studied  the 
three  ways  of  the  ion  beam  compensation  by  the  additional  cold 
electrons  injection.  In  all  cases  the  beam  current  densities  were 
equal  to  ge^oeV^e  =  qiTioiVi.  The  mass  ratio  was  mijm^  —  100, 
me  =  20mo,  the  number  of  particles  in  the  cell  was  Nq  —  64, 
AT-  =  180.  The  electron  and  ion  beam  velocity  were  supposed 
14  =  0.85,  Vi  —  0,285  respectively.  The  minimum  and  maxi¬ 
mum  beams  radii  were  rmin  =  30  and  VmaT  =  32.5.The  length 
and  radius  of  the  chamber  were  zl  =  157.5  and  ri  =  157.5. 
The  amplitude  of  the  external  field  was  Bo  =  1.76  .  The  po¬ 
tential  difference  across  one  cusp  was  equal  to  A^  =  0.8.  The 
velocities  of  cold  electrons  were  defined  by  Maxwellian  distri¬ 
bution  function  with  the  temperature  Tee  —  0.002. 

In  first  case  the  thermal  electrons  injection  in  drift  gap  has 
been  started  when  the  ion  beam  passed  2/3-2:^  of  linac.  By  which 
time  the  ion  beam  was  significantly  spread  and  the  cold  electron 
cloud  could  not  effectively  compensate  the  ion  beam.  The  max¬ 
imum  of  the  scalar  potential  has  diminished  moderately. 

In  second  case  the  original  injection  of  the  thermal  electrons 
was  used.  At  first  the  cold  electrons  were  injected  into  the  ion 
beam  which  came  out  from  the  first  cusp.  Thereafter  the  injec¬ 
tor  of  thermal  electrons  was  localized  at  the  center  of  the  drift 
gap.  And  finally  the  thermal  electrons  were  injected  into  ion 
beam  coming  out  fi*om  the  second  cusp.  That  is  the  injection  has 
been  started  when  the  ion  beam  passed  l/2^r,,  2/Szl  of 

linac.  In  this  case  the  thermal  electrons  formed  the  negative  bulk 
charge  considerable  compensating  the  charge  and  current  of  ion 
beam.  This  way  of  injection  can  be  easy  performed  in  a  compu¬ 
tational  simulation  and  shown  the  encouraging  results  but  it  has 
not  a  perspective  in  real  experiments.  The  results  have  shown 
that  the  thermal  electron  injection  is  to  ahead  of  the  front  of  an 
ion  beam. 

Finally  in  third  case  the  thermal  electrons  injection  was  started 
at  the  initial  stage  of  injection  of  both  the  relativistic  electron 
beam  and  the  high-current  ion  beam  to  linac.  The  calculations 
were  continued  in  during  about  ten  reciprocal  Larmor  ion  fre¬ 


quency.  The  results  of  the  simulation  are  demonstrated  in  fig.  1 ,2. 
Fig.l  shows  the  distribution  of  p(r,  z),  z)  and  z)  for 
case  without  the  thermal  electrons  injection  (a),  and  with  the  ad¬ 
ditional  injection  of  cold  electron  into  the  drift  gap  (b)  once  the 
ion  beam  has  passed  both  of  cusps.  The  maximum  of  the  scalar 
potential  in  fig. lb  is  considerably  low  than  in  fig. la.  The  distri¬ 
bution  of  the  scalar  potential  shows  that  the  system  as  a  whole 
was  charged  negative.  A  great  negative  potential  aid  in  addi¬ 
tional  focusing  the  ion  beam.  Fig.2  demonstrates  the  distribution 
functions  of  the  electrons  and  ions  at  the  stationary  state  for  the 
case  without  thermal  electron  compensation  (a)  and  for  case  with 
thermal  electron  compensation  (b),  and  in  fig.2c  the  time  depen¬ 
dencies  of  the  space-average  ion  beam  velocity  are  compared. 
The  maximum  of  the  ion  velocity  were  about  0.32  as  shown  in 
fig.2c.  It  is  seen  that  the  ion  beam  is  effectively  accelerated  and 
has  the  high  brightness  in  this  simulation. 

IV.  CONCLUSIONS 

The  performed  investigations  of  the  beams 
propagation  through  the  magnet-isolated  accelerating  gap  of  the 
induction  linac  has  shown  that  the  charge  and  current  compensa¬ 
tions  of  HHCIB  by  the  accompanying  relativistic  electron  beam 
and  the  thermal  electron  injection  into  drift  gap  are  effectively. 
The  aim  of  the  following  studies  is  to  be  a  search  of  the  optimal 
values  of  both  accelerating  field  and  electron  beam  energies. 

The  authors  are  grateful  to  Professor  Ya.B.  Fainberg  for  useful 
discussions. 
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Figure!.  Distributions  of  the  total  charge  density />(r,  2r),  scalar  potential  2:),  axial  current  density  j^(r,  ;^)  atf  =  640  for  the 
case  without  additional  electron  injection  (a)  and  with  one  (?>). 


h 


Figure  2.  Distributions  functions  f{V)  of  electron  (1)  and  ion  (2)  beams  versus  the  longitudinal  (14 )  and  transverse  (14)  velocities 
at  the  stationary  state  ohne  the  thermal  electron  injection  (a)  and  with  the  thermal  injection  (6).  Distributions  of  the  averaged  ion 
velocity  <  Vi  >  (c)  versus  the  time  ohne  the  thermal  electron  injection  O  and  with  one  x . 
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Abstract 

Particle  simulation  results  on  the  wake-field  excitation  with  the 
programmed  finite  sequence  of  REB  in  tenuous  and  dense  plas¬ 
mas  are  presented.  The  REB/background  plasma  configuration 
is  described  by  full  set  of  2D3V  relativistic  Vlasov  equations 
for  each  plasma  species  and  nonlinear  Maxwell  equations  for 
self-consistent  electromagnetic  field.  The  physical  parameters 
in  runs  carried  out  are  close  to  those  used  in  laboratory  experi¬ 
ment  at  Kharkov  IPT  (Ya.  Fainberg  at  all,  1994).  The  simulation 
points  to  the  fact  that  the  reached  value  of  electric  field  depends 
on  charge  distribution  and  choice  of  intervals  between  bunches 
in  programmed  sequence. 

1.  INTRODUCTION 

Charged  particle  acceleration  by  means  of  charge  density 
waves  both  in  plasmas  and  in  noncompensated  charge  particle 
beams  is  the  major  trend  in  collective  acceleration  methods  [1], 
[2].  The  charge  density  variable  part  can  be  made  very  high  (up 
to  rze);  consequently,  the  accelerating  field  can  reach  values  on 
the  order  of  10^  —  l^fV/cm,  Chen  et  al.  [3]  suggested  a  mod¬ 
ification  of  Fainberg ’s  acceleration  method  [1]  consisting  of  the 
use  of  wave  trains.  Katsouleas  [4]  considered  this  problem  for 
different  electron  cluster  profiles:  a  wedgelike  one  with  a  slow 
start  growth  and  sharp  terminal  drop  as  well  as  a  Gaussian-type 
distribution  with  different  rise  and  fall  rates.  He  presented  proof 
[4]  that  the  use  of  such  inhomogenious  nonsymmetric  clusters, 
instead  of  the  homogeneous-density  ones,  might  ensure  particle 
accelerating  field  Eac  values  many  times  ( 1 0-20)  greater  than  the 
electric  field  stopping  the  cluster.  The  so-called  transformation 
coefficient  T  —  EacEJ^^  =  ladb  is  equal  to  T  ==  27rA  ~  ttA, 
where  N  represents  the  number  of  wave-lengths  along  the  clus¬ 
ter  length.  Excitation  of  nonlinear  stationary  waves  in  plasma 
by  a  sequence  of  periodically  spaced  electron  bunches  was  stud¬ 
ied  in  [5],  [6],  where  the  electric  field  of  the  wave  was  shown 
to  increase  as  7  rises  in  the  case  of  plasma  and  bunch  of 
comparable  density.  Nonlinear  mode  experiments  on  accelera¬ 
tion  by  means  of  wake  fields  emphasized  the  importance  three- 
dimensional  effects. 

There  are  two  distinct  regimes  where  the  plasma  wake  fields 
can  provide  large  fields  which  may  be  of  use  in  accelerator 
physics.  If  one  utilizes  an  appropriate  density  plasma  the  short, 
wide  beam  can  be  used  to  drive  large  amplitude  waves  with 

*The  work  is  partly  supported  by  the  International  Scientific  Foundation,  grant 
U27000  and  Russian  Foundation  for  Fundamental  Research,  project  no.  94-02- 
06688. 


high-gradient  electric  fields  useful  for  accelerating  other  parti¬ 
cle  bunches.  On  the  other  hand,  the  long,  narrow  beam  can  be 
strongly  focused  by  its  self-magnetic  field  which  are  left  un¬ 
balanced  when  the  plasma  response  neutralizes  the  beams  space 
charge  density. 

The  wake  field  excitation  was  studied  using  2D3V  axially 
symmetric  electromagnetic  code  COMPASS  [7].  Previously, 
this  code  was  used  to  simulate  an  induction  accelerator  [8],  mod¬ 
ulated  REB  [9]  and  a  single  relativistic  electron  bunch  or  a  se¬ 
quence  of  such  bunches  in  plasma  [10].  Note  that,  as  in  ex¬ 
periments  [6],  the  bunch  initial  transversal  and  longitudi¬ 
nal  Lq  dimensions  were  smaller  than  c/uj^  at  the  REB  density 

(72e  is  plasma  density).  The  computer  simulation 
[10]  showed  the  transversal  dimension  of  a  bunch,  propagating 
in  plasma,  to  vary  over  a  wide  range. 

This  caused  substantial  changes  in  its  density  (more  then  or¬ 
der  of  magnitude)  as  well  as  a  change  in  the  excited  wake  field. 
It  is  shown  too  that  the  amplitudes  of  longitudinal  and  transver¬ 
sal  fields  increase  upon  additional  bunch  injection.  However 
these  amplitudes  are  not  proportional  to  the  number  of  injected 
bunches  (as  it  should  be  in  case  of  “rigid”  bunches).  For  fu¬ 
ture  experimental  researches  in  the  domain  of  intense  microwave 
(wake)  field  excitation  in  plasmas  and  for  use  of  these  fields  for 
charged  particle  acceleration  it  is  expected  to  employ  a  new  elec¬ 
tron  accelerator  being  constructed  at  KhIPT.  Its  parameters  are 
as  follows:  energy  W  —  200MeL;  number  of  electrons  per 
bunch  N  ^  10^°;  number  of  bunches  from  10  to  20;  bunch  rep¬ 
etition  rate  is  21^1  A^M H z.  The  electron  bunches  will  be  in¬ 
jected  into  plasma  of  the  following  sizes:  the  length  L  —  \m 
and  the  radius  R  =  10cm  (plasma  density  will  be  variable  within 
Tie  =  10^°  —  lO^'^cm"^)  with  a  minimum  density  longitudi¬ 
nal  gradient.  In  our  numerical  simulation  we  shall  keep  in  mind 
these  parameters. 

II.  MATHEMATICAL  MODEL 

The  REB  dynamics  is  described  by  Vlasov  relativistic  equa¬ 
tions  (the  Belyaev-Budker  equations)  for  the  distribution  func¬ 
tion  of  each  plasma  specie  and  by  the  Maxwell  equation  set 
for  self-consistent  electric  E  and  magnetic  B  fields.  The  two- 
component  main  plasma  (me/m^  =  1840,  where  mf  and  me  are 
the  ion  and  electron  mass  respectively)  is  initially  cold  and  fills 
completely  the  considered  region  [0,  L]  x  [0,  /^].  Usually,  L  and 
R  are  chosen  to  be  100cm  and  10cm  respectively.  A  finite  se¬ 
quence  of  cold  REB  is  injected  in  the  plane  z  =  Oin  accordance 
with  n(,0{Ro  —  r)0{Vbt  ~z-^{n-  l)Xp)9{z  —  Vbt-\-  Zq  +{n- 

l)Ap). 
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Here  n  denotes  the  number  of  injected  bunch.  The  beam  ve¬ 
locity  is  Vb  =  cy/l  -  1/72 ;  c  is  the  velocity  of  light;  the  ini¬ 
tial  bunch  sizes  Lo  x  Ro  were  equal  to  0.4cm  x  0.5cm;  Xp  = 
2'Kclujp,  u)p  is  the  Langmuir  plasma  frequency;  and  Ub  is  the 
REB  average  density.  The  quantity  m^uipclt  served  as  a  scale 
for  electric  and  magnetic  fields.  Bunches  and  plasma  con^o- 
nents  can  leave  the  considered  region  through  two  boundary  sur¬ 
faces:  z  =  0  and  z  ^  Z.  The  plasma  components  can  also  reen¬ 
ter  the  region.  On  the  inner  boundary  the  following  conditions 
exist:  a  metal  surface  at  r  =  i?  and  open  for  electromagnetic 
wave  radiation  face  and  rear  butt-end  surfaces.  Explicit  scheme 
were  used  in  calculations. 

Four  runs  were  considered  to  study  the  dependence  of  the  ex¬ 
ited  fields:  upon  the  number  N  of  bunches  injected  into  plasma; 
on  the  density  ratio  of  bunch  and  plasma;  on  the  bunch  repetition 
rate;  on  the  ratio  of  the  bunch  size  Rq  and  skin-depth  c/(jp.  The 
parameters  of  these  runs  are  listed  in  the  table: 


run  id 

Varl 

Var2 

Var3 

Var4 

bunch 

density 

Ub 

cm~^ 

2- 

10^° 

2- 

101° 

4.86- 

101° 

4.86- 

101° 

plasma 

density 

Tie 

cm"^ 

4- 

10^° 

4- 

lOii 

9.72- 

101° 

8.75- 

lOii 

plasma 

frequency 

U>p 

c  ^ 

1.13- 

101° 

3.57- 

101° 

1.76- 

101° 

5.27- 

101° 

skin- 

depth 

c/ujp 

cm 

2.66 

0.84 

1.71 

0.57 

particles 
per  bunch 

N 

6.28- 

10° 

6.28- 

10° 

1.53- 

101° 

1.53- 

101° 

1.12 

1.08 

1.04 


0.96 
0.92 

0  2  4  6  8 

r,  cm 

Figure  1 .  Var  1 :  Dependence  of  the  ion  density  Ui  upon  the  radial 
coordinate  r  =  lO.cm) 


i  =  070u;p 

i  =  120u;p 

.... 

t  =  180wp 

#  ■  «  ■ 

0  12  3 

r,  cm 

Figure  2.  Var4:  Dependence  of  the  ion  density  n*  upon  the  radial 
coordinate  r  (z  =  lO.cm) 


The  weight  of  model  particles  was  assumed  to  be  a  function 
of  their  radial  position.  The  plasma  was  assumed  to  have  smaller 
numbers  of  particles  in  the  less  disturbed  region  distant  from  the 
axis.  The  total  number  of  macro  particles  was  about  10®.  Note 
that  all  the  calculations  were  carried  out  using  a  PC/Pentium-66 
computer  and  a  high-speed  particle-in-cell  technique. 

III.  RESULTS 

The  computer  simulation  showed  the  transversal  dimension  of 
the  bunch,  propagating  in  plasma,  to  vary  over  a  wide  range  at 
the  conditions  R^  <  c/up  and  Lq  <  c/up.  Contrary  to  popular 
consideration  (with  Lq  c/ujp  >  R^  or  R^  >  c/ujp  >  Lo) 
we  considered  the  conditions  ^  Ro  <  c/up  or  Lo  ^ 
Ro  ^  c/ijOp,  which  is  corresponding  to  the  experimental  situa¬ 
tion  [11].  In  these  cases  significant  nonlinearities  in  both  plasma 
and  beam  behavior  have  been  observed.  As  we  shall  see  subse¬ 
quently  in  our  simulation  the  ion  motion  plays  significant  role  in 
the  REB  propagation  in  the  plasmas.  The  dependence  of  the  ion 
density  Ui  upon  the  radial  coordinate  r  is  presented  in  Fig.l  and 
Fig.2.  One  can  see  that  ions  form  the  plasma  channel  due  to  their 
transversal  motion  in  self-consistent  fields.  The  channel  param¬ 
eters  are  determined  by  density  ratio  of  bunch  and  plasma,  and 
by  size  ratio  of  bunch  radial  size  Ro  and  skin-depth  c/wp. 

The  spatial  distribution  of  the  longitudinal  Ez  and  radial  Er 
electric  field  is  presented  on  Fig.3,  4,  5  and  6.  One  can  see  that 
amplitudes  of  Ez  and  Er  increase  with  injection  of  each  addi¬ 
tional  bunch.  However,  these  amplitudes  are  not  proportional 


to  the  number  of  injected  bunch  as  this  should  be  in  the  case  of 
“rigid”  bunches.  This  is  due  to  transversal  oscillations  of  bunch 
particles  in  self-consistent  fields  caused  by  the  lack  of  charge 
and  current  compensation. 

The  shape  of  bunches  are  presented  in  Fig.  7.  One  can 
see  that  the  envelope  shape  in  not  close  to  Bennet  equilibrium 
case.  However  the  REB  expansion  is  appreciably  retarded  by 
the  formation  of  the  plasma  channel  with  the  ion  radial  motion. 
The  conduct  consideration  of  the  three-dimensional  nonlinear 
bunch-plasma  behavior  is  useful  for  better  understanding  of  fun¬ 
damental  physics  of  the  plasma  wake-field  acceleration  and  fo¬ 
cusing. 
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Figures.  Varl:  Dependence  of  the  longitudinal  electric  field 
on  ^  (r  =  i^o  =  0.5cm) 
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Figure  4.  Var4:  Dependence  of  the  longitudinal  electric  field  Ez 
on  z(r  =  Ro  =  0.5cm) 
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Figure  5.  Varl :  Dependence  of  the  radial  electric  field  Er  on  z 
(r  —  Rq  ^  0.5cm) 


Figure  6.  Var4:  Dependence  of  the  radial  electric  field  Er  on  z 
(r  =  Ro  =  0.5cm) 


Figure  7.  Varl :  Density  cross-section  of  bunches  (number  1,10 
and  15)  at  moment  of  passing  over  z  =  60. 
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Abstract 

Resonance  excitation  of  longitudinal  plasma  electrostatic  wave 
by  double- frequency  laser  radiation  is  investigated  numerically 
to  study  in  detail  conditions  of  particle  beat  wave  accelera¬ 
tion.  The  computer  simulation  is  based  on  the  highly  special¬ 
ized  code  SUR,  using  splitting  technique.  Both  the  space  uni¬ 
form  and  slightly  non-uniform  cases  are  investigated.  Maintain¬ 
ing  of  phase  synchronism  between  accelerated  particles  and  ex¬ 
ited  longitudinal  wave  is  provided  by  a  choice  of  density  plasma 
profile. 


I.  INTRODUCTION 

The  method  of  charged  particle  acceleration  by  charge  den¬ 
sity  waves  in  plasmas  and  in  non-compensated  charged  parti¬ 
cles,  which  Ya.B.  Fainberg  proposed  in  1956  [1],  seems  to  be 
one  of  the  promising  methods  of  collective  acceleration  [2], 
[3].  The  primary  challenge  in  all  plasma  acceleration  schemes 
is  to  produce  a  substantial  plasma  density  perturbation  with  a 
phase  velocity  to  be  close  to  velocity  of  light  c.  At  present  the 
most  promising  concepts  are  plasma  beat-wave  acceleration  and 
plasma  wake  field  acceleration. 

In  the  plasma  beat-wave  acceleration  scheme  [4] ,  two  coprop¬ 
agating  laser  beams  with  slightly  different  frequencies  are  in¬ 
jected  into  a  plasma.  C.  Toshi  at  al  (1993)  obtained  the  electric 
field  strengths  of  the  charge-density  wave  of  0.7  •  10^^,  and  de¬ 
tected  the  accelerated  electrons  with  an  energy  of  Q.lMeV^  (in¬ 
jection  energy  was  2MeV).  The  resonant  plasma  density  was 
8.6  •  but  already  in  January  1994,  the  1cm  length, 

the  electrons  acquired  28M eV^. 

Resonance  excitation  of  longitudinal  plasma  electrostatic 
waves  by  electromagnetic  waves  is  investigated  numerically 
with  help  of  the  SUR  code.  The  SUR  code  is  based  on  solving  the 
finite-difference  analogs  of  the  Maxwell  and  Vlasov-Fokker- 
Planck  equations  through  the  successive  use  of  the  splitting  tech¬ 
nique  over  physical  processes  and  variables  of  phase  space. 

In  order  to  economize  our  machine  time,  we  do  not  yet  pose 
the  problem  to  be  solved  with  its  real  parameters  [5]. 

II.  COMPUTATIONAL  MODEL 

Consider  a  linearly  polarized  electromagnetic  wave  propagat¬ 
ing  in  the  x  direction  with  the  electric  vector  E  directed  along  the 

*The  work  is  partly  supported  by  the  International  Scientific  Foundation,  grant 
U27000  and  Russian  Foundation  for  Fundamental  Research,  project  no.  94-02- 
06688. 


y-axis  and  the  magnetic  field  vector  B  oriented  along  the  2r-axis 
(p-polarization).  The  action  of  such  a  wave  onto  plasma  parti¬ 
cles  can  give  rise  only  to  the  14  and  Vy  velocity  components.  In 
the  case  where  the  distribution  function  does  not  depend  initially 
on  y  and  z,  three  phase  space  coordinates  x^Vr^Vy  are  sufficient 
to  describe  subsequent  plasma  behavior;  the  relevant  distribution 
function  is  /(f,  p)  -  f{x,  Vi,  Vy)S{Vz). 

The  plasma  electron  dynamics  may  by  described  the  Vlasov 
equation 


dx 


c  dpx 

=  0. 

C  '  dpy 


This  equation  is  solved  by  a  variant  of  the  method  of  splitting 
over  phase-space  coordinates [6]. 

Effects  due  to  charged-particle  collisions  in  the  plasma  can¬ 
not  significantly  affect  the  time  of  electromagnetic  wave  prop¬ 
agation  through  the  simulated  system.  Because  of  this,  we  do 
not  take  the  Fokker-Plank  collision  term  in  the  equation  into  ac¬ 
count. 

The  similar  equation  might  be  written  for  the  plasma  ions; 
however,  in  these  computations  the  ions,  being  heavy  compared 
to  electrons,  were  assumed  to  be  motionless. 

The  longitudinal  electric  field  Ej;  is  determined  from  the  Pois¬ 
son  equation,  which,  in  one-dimensional  case,  can  be  written  as 


X 

Ex  =Ex\l-\-  47re  j (n,(^)  -  ne{^))d^, 

where  ni{x)  is  the  ion  background;  ne{x,i)  =  f  fdp  is  the 
electron  density;  x i  and  E^  \l  represent  the  coordinate  and  field 
value  on  the  system  left  boundary,  respectively. 

The  transverse  electromagnetic  field  must  be  satisfy  the 
Maxwell  equations: 


1  dBz  _  dEy 
c  dt  dx 

IdEy  _  dBz  47r  . 

c  dt  dx  c 

where  jy  =  —ef  feVydp  is  the  current  density.  The  latter  two 
equations  can  be  written  in  a  form  more  convenient  for  numerical 
computations: 
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Figure  1.  Temporal  dependence  of  the  maximum  amplitude 
of  the  perturbed  electron  density  dn  for  different  plasma  den¬ 
sity  profiles  along  the  ar-axis:  (l)(Jn  =  0;  (2,3)  rising  profiles: 

=  0.2  and  0,5;  (4)  descending  profile:  =  0.2 

where  —  Ey±Bz^  This  enables  one  to  employ  the  integra¬ 
tion  over  characteristics  technique. 

The  simulated  system  represent  a  “plasma  in  a  box”  with  to¬ 
tal  particle  reflection  from  the  rated-region  boundaries.  At  the 
same  time,  these  boundaries  are  radiation-transparent,  radiation 
entering  through  the  left  system  boundary  and  emerging  through 
the  right  one.  This  is  provided  by  the  assignment  of  boundary 
conditions: 


Figure  2,  Spatial  dependence  of  the  longitudinal  electric  field 
Ex  for  the  plasma  density  rising  =  0.2)  a?-profile 


Figure  3.  Spatial  dependence  of  the  longitudinal  electric  field 
Ex  for  the  plasma  density  rising  {8^  =  0.5)  aj-profile 


=  F{t)[Fism{ujit  +  (;6i)  +  F2sm{(jj2i  +  H)]] 
F-\r  =  0 

where  the  subscripts  \l  and  \r  denote  the  values  of  quantities 
on  left-hand  and  right-hand  boundaries,  respectively.  As  the 
charge  is  not  build  up  on  the  “walls”  and  the  plasma  is  neutral 
as  a  whole,  we  can  assume  Ex\l  —  Ex\r  =  0^ 

At  the  initial  time,  the  values  of  ion  and  electron  density  are 
defined  as  n,'(x)  =  ne{Xjt  =  0)  =  no  for  the  uniform  plasma 
profile  and 


the  system  length  L,  the  electron  thermal  velocity  and  the 
initial  plasma  density  profile  (fixed  ion  density  profile).  In  a 
given  run  we  considered  the  following  parameters  values: 

=  4;  W2  =  5; 

ai  =  0.1;  a2  =  0.08; 

L  =  400;  Vt^  =0.1;«  =  0.2; 

m  ”  l+exp(-0.5(t^l0))> 

(j>iz=:  (j)2  =  0. 


mix)  =  n,{x,t  =  0)  =  no  ±  -  \) 

for  a  non-uniform  one. 

To  describe  the  simulated  system  in  dimensionless  variables, 
let  us  rescale  the  time,  length,  velocity,  electric  field  strength,  and 
density  by  introducing  the  scale  units  c;  mcupfe  and 

no  respectively.  Here 


represents  the  electron  plasma  frequency.  The  initial  parameters 
of  the  problem  are  the  frequencies  ui  and  W2  of  the  two  incident 
electromagnetic  waves,  their  dimensionless  amplitudes 


The  difference  between  the  runs  consisted  in  the  value  and  di¬ 
rection  of  the  profile  variation  and  in  the  se  cases  we  took  Sn  — 
0;  0.2;  0.5. 

III.  RESULTS 

Figure  1  presents  the  perturbated  electron  density  maximum 
amplitudes  as  a  function  of  time  for  the  uniform  (curve  1), 

rising  (curves  2  and  3)  and  descending  (curve  4)  plasma  profile 
along  a?— axis.  One  can  see  that,  at  the  early  stage,  a  rise  of 
is  in  good  agreement  with  theoretical  results  obtained  in  [7],  [8], 
[9] 

54  1 
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Then  the  amplitude  4  growth  slows  down  and  all  the  curves 
saturate  at  the  level  of  about  O.lno.  The  simulated  saturation 
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Figure  4.  Spatial  dependence  of  the  longitudinal  electric  field 
Ex  for  the  plasma  density  descending  (<J„  =0.2)  ar-profile 

level  is  considerably  lower  then  the  theoretically  estimated  one 
due  to  the  relativistic  shift  of  the  Langmuir  frequency  obtained 
for  cold  plasma  in  [7],  [8],  [9]: 


For  nonuniform  density  profiles,  the  saturation  level  is  higher 
than  for  the  uniform  one  (curve  1).  This  is  caused  by  the  fact, 
for  the  case  of  uniform  profile,  the  plasma  density  was  chosen  to 
ensure  the  exact  equality  of  the  Langmuir  frequency  to  the  beat 
frequency  ujg  =  a;i  —  ^2-  During  the  transition  to  a  steady  state, 
the  location  of  the  perturbed  electron  density  maximum  is  de¬ 
termined  by  the  distance  from  the  left  boundary  to  some  point, 
where  the  plasma  density  has  such  a  value  that  the  difference  be¬ 
tween  the  electron  Langmuir  frequency  and  the  beat  frequency  is 
equal  to  a  quantity  Sujopt  (optimal  frequency  shift)  proportional 
to  {0tl0C2Y^^^s* 

Figures  2-4  shows  the  steady-state  spatial  distributions  of  the 
longitudinal  electric  field  Ez  for  the  plasma  density  profile  rising 
(Fig.2  and  3)  and  descending  (Fig.4)  along  the  aj-axis.  It  is  seen 
that  the  longitudinal  electric  field  reaches  its  maximum  at  points 
where  the  local  plasma  frequency  exceeds  the  beet  frequency  by 
a  value  of  Suopt  determined  in  its  turn  bu  the  amplitudes  and  fre¬ 
quencies  of  electromagnetic  waves.  The  plasma  density  ±10% 
variation  within  the  rated  region  results  in  an  acceptable  spatial 
distribution  of  Ex*  This  allows  one  to  hope  (see  Fig.4)  that  the 
descending  plasma  profile  may  be  of  practical  use  in  this  beat- 
wave  acceleration  method:  an  appropriate  density  gradient  may 
help  to  prolong  the  accelerated  particle  synchronism  with  a  lon¬ 
gitudinal  beat  wave  [10]. 
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I.  INTRODUCTION 

In  order  to  maximize  the  efficiency  of  the  injection 
process  into  the  Main  Injector  Ring,  the  beam  gap  required 
for  the  extraction  and  injection  kickers  can  be  reduced.  A 
switching  magnet  which  will  achieve  full  field  within  1%  on 
the  order  of  30  to  40  nSec  is  required  to  achieve  efficient 
transfers  of  beam  between  Booster  and  the  MIR  with  the 
removal  of  only  one  bunch  from  the  Booster  ring.  The 
magnet  designed  to  perform  this  task  is  a  25Q  traveling  wave 
device  which  reaches  its  full  field  of  136  Gauss  in  30  nSec. 
The  field  is  developed  across  an  aperture  of  102  mm,  51  mm 
in  width,  by  a  pulse  current  of  1200  amps.  To  minimize 
reflections,  the  termination  resistor  has  become  an  integral 
part  of  the  magnet  structure. 

11.  DESIGN  PARAMETERS 

6  batches  of  8  GEV  beam  will  be  injected  vertically 
into  the  MIR  from  the  booster.  The  trajectory  of  this  beam 
must  be  bent  upward  1.05  mR  to  place  it  on  the  equilibrium 
orbit  of  the  MIR.  Rise  and  fall  times  are  specified  to  insure 
that  the  circulating  beam  is  not  disturbed  by  the  transition 
field  at  the  beginning  and  end  of  the  pulse.  Relevant  design 
parameters  are  listed  in  Table  1. 

Beam  aperture  - 101.6  mm  (H)  x  50.8  mm  (V) 

Kick  angle  - 1.05  mR  vertical 
\B  dl  -  340  g-m 
Field  rise  time  -  <50  nSec 
Field  fall  time  -  <150  nSec 
Field  flattop  - 1.60  nSec 
Field  flatness  (AB/B)  -  ±1% 

Repetition  rate  -  15  Hz 

Table  1 

To  meet  these  requirements,  three  independent 
kicker  systems  will  be  employed.  On  a  practical  basis,  the 
operating  voltage  for  the  magnet  is  limited  by  the  peak 
voltage  to  which  the  cable  PFL  may  be  reliably  charged  in 
order  to  achieve  a  reasonable  PFL  lifetime.  We  have  found 
that  operating  the  PFL  at  60  kV  provides  longevity  of  the 
cables.  If  we  choose  a  25f2  system,  then  the  peak  current  is 
1200  amps.  With  a  gap  of  111.1  mm  between  pole  tips,  we 
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can  achieve  a  flux  of  136  gauss  in  that  gap.  To  develop  the 
required  kick,  a  magnetic  length  of  2.5  meters  is  required. 
To  achieve  a  reasonable  rise  time,  three  83.3  cm  long  kicker 
magnets  are  used.  The  inductance  as  calculated  from 
aperture  dimensions  is  598  nH.  The  field  propagation  time 
through  the  magnet  can  be  calculated  from  the  inductance 
and  the  characteristic  impedance  as: 

Tp  =  Lml  Zo  =  598  /  ISnSec  =  lAnSec 

In  order  to  operate  as  a  traveling  wave  magnet,  capacitance 
must  be  present  between  the  high  voltage  conductor  and  the 
ground  plane.  To  achieve  an  impedance  of  25f2,  the  required 
capacitance  is  : 

C=KI  ’ll  =  598 / nF  =. 951  nF 

The  magnet  parameters  are  summarized  in  Table  2 

Peak  current  -  1200  A 
Field  at  peak  current  - 136  G 
Impedance  -  25  Q 
Gap  height  -  111.1  mm 
Gap  width  -  63.5  mm 
Magnetic  length  -  75.8  cm 
Field  rise  time  -  <30  nSec 
Inductance  -  598  nH 
Capacitance  -  957  pF 
Field  flatness  on  mid  plane  -  ±1% 

Table  2 

The  magnet  uses  ”C"  shaped  ferrite  pole  pieces  to 
efficiently  guide  the  flux  into  the  gap.  The  material  is 
CMD5005  which  was  chosen  after  extensive  testing^.  The 
dimensions  have  been  chosen  to  minimize  the  time  dependent 
reluctance  drop  in  the  ferrite  and  to  maximize  the  flux 
penetration  into  the  ferrite  material.  The  propagation 
velocity  of  the  magnetic  wave  which  penetrates  the  ferrite 
poles  of  the  magnet  can  be  calculated  for  CMD-5005  using: 

Vj  =3x10^/^  =  3xl0Vl000xl2  =  2.14x10^ m/ Sec 

Since  the  width  of  the  pole  piece  is  0.75  inches  (.0191m),  the 
resonance  would  be  72  MHz  which  is  above  the  magnet  cutoff 
frequency.  No  shaping  of  the  pole  tips  is  necessary  to  obtain 
a  field  flatness  of  1  %  on  the  mid  plane. 

III.  Magnet  Design 

Each  magnet  is  made  up  of  24  ferrite  pole  pieces  1 
inch  wide  and  spaced  .250  inches  apart.  In  order  to  distribute 
the  required  capacitance  along  the  axis  of  the  magnet,  "Z” 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1236 


plates  are  installed  along  the  high  voltage  bus  extending 
between  consecutive  pole  pieces  to  form  parallel  plate 
capacitors  with  the  ground  plane.  This  is  shown  in  Figure  1. 
Each  of  these  capacitors  in  addition  to  the  stray  capacitance 
of  the  high  voltage  bus  provides  the  required  40  pF  per  cell  to 
achieve  the  25Q  characteristic  impedance.. 


Ferrite  pole  pieces  with  "Z"  plates  installed 
Figure  1 


The  displacement  current  which  flows  into  the 
capacitors  formed  by  the  ”Z"  plates  must  pass  between  two 
adjacent  ferrite  pole  pieces  which  greatly  increase  the  series 
inductance  of  this  capacitor.  This  inductance  lowers  the 


Pole  pieces  with  cross-coupling  and  "Z”  plates 
Figure  2 


natural  resonant  frequency  of  the  individual  cells  which 
degrades  the  transient  performance  of  the  magnet.  To  negate 
this  effect,  cross  coupling  windings  have  been  added  between 
adjacent  pole  pieces  to  act  as  a  shorted  turn  on  this  pseudo- 
inductor^.  A  window  is  provided  in  each  "Z"  plate  to 
accommodate  these  windings  as  pictured  in  Figure  2.  The 
windings  are  .002  inch  adhesive  backed  copper  foils  bonded 
to  the  ferrite  pole  pieces.  Copper  straps  0.125  inch  in  width 
are  soldered  to  these  foils  to  provide  the  interconnections. 
The  effect  of  these  windings  is  striking  as  seen  by  comparing 
Figures  3a  and  3b.  We  have  also  found  that  nearly  twice  the 
calculated  shunt  capacitance  is  necessary  to  achieve  the 
required  impedance  of  25Q  without  the  cross  coupling 
windings. 


Magnet  Field  and  B-dot 


Normalized  \Edl  and  field  with  cross  coupling 
Figure  3a 


Magnet  Field  and  B-dot 


Time  [nsec] 

Normalized  \^dl  and  field  without  cross  coupling 
Figure  3b 

The  25Q.  load  consists  of  two  stacks  of  10  -  5Q 
resistive  washers  clamped  in  a  coaxial  housing.  The 
clamping  force  of  1500  lbs.  required  to  interface  these 
washers  is  provided  by  a  1  inch  diameter  G-10  rod  with  3/8- 
16  Keenserts  installed  with  epoxy  into  each  end.  From  a 
heat  dissipation  standpoint,  the  worst  case  operating  scenario 
is  a  burst  of  6  pulses  once  every  2.4  seconds.  This  requires 
that  175  watts  be  dissipated  in  the  load.  Although  full  power 
tests  have  not  been  performed  on  this  magnet  yet,  preliminary 
heat  transfer  calculations  indicate  that  we  can  expect  a 
temperature  rise  of  9°C.  The  two  stacks  are  connected  to  the 
high  voltage  bus  using  louvered  contact  bands  as  shown  in 
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Figure  4.  Wide  band  current  viewing  resistors  are  provided 
on  each  load  resistor  which  have  sensitivities  of  5  mv/A. 

We  had  originally  planned  to  use  commercial!} 
available  connectors  to  couple  the  RG/220  cables  into  the 
magnet,  but  tests  on  the  first  prototype  indicate  unacceptable 
reflections  due  to  their  high  inductance.  At  this  point,  we  are 
examining  ways  to  modify  these  connectors  into  a  low 
inductance  device. 


Load  resistor  and  Resistive  Washer 
Figure  4 


The  magnet  and  load  resistor  assembly  are  potted 
with  Sylgard  184  clear  silicone  rubber.  This  material  has 
reasonable  heat  transfer  properties,  a  dielectric  strength  of 
450  volts/mil,  and  a  relative  dielectric  constant  of  2.7.  Since 
the  potting  compound  also  serves  as  the  "Z"  plate  capacitor 
dielectric,  the  required  spacing  between  "Z"  plate  and  the 
cover  is  0.260  inches  which  puts  a  nominal  voltage  stress  of 
125  volts/mil  in  the  potting  material  at  full  voltage. 

The  magnet  which  is  shown  in  Figure  5  has  a 
physical  length  of  40  inches.  The  50  inch  ceramic  beam  tube 
has  been  recycled  from  a  previous  kicker  which  has  the  same 
aperture. 


Proton  Injection  Kicker  magnet 
Figure  5 
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The  Fermilab  Main  Injector  will  require  an  updated  abort 
kicker  system.  A  new  modulator  and  modified  magnet  are 
required  to  meet  the  new  requirements.  Two  Main  Ring  abort 
magnets  will  be  modified  to  contain  a  12.5  Q  load  resistor  in 
series  with  the  existing  magnet.  A  pulse  transformer  is  used 
with  a  3.1  Q,  10|Xs  pulse  forming  network  to  reduce  the 
capacitor  voltage  to  34  kV  and  allow  operation  in  air.  The 
pulse  transformer  primary  is  floated  to  allow  grounded 
cathode  operation  of  the  thyratron  and  a  grounded  terminal  on 
the  pulse  forming  network  capacitors. 

I.  INTRODUCTION 

The  Fermilab  Main  Injector  is  a  new  150  GeV 
synchrotron  now  under  construction.  The  Main  Injector  has 
been  designed  to  replace  the  existing  Main  Ring  but  with  an 
increased  aperture.  This  increase,  along  with  other  accelerator 
upgrades,  has  been  designed  to  support  a  luminosity  in  excess 
of  5  10^1  cm“2  s“^  in  the  Tevatron.  While  some  components 
will  be  moved  from  the  old  Main  Ring  to  the  new  Main 
Injector,  the  abort  kicker  modulator  must  be  redesigned  and 
the  abort  kicker  magnet  must  be  modified. 

Siting  constraints  have  forced  the  abort  kicker  modulator 
to  be  located  -100  m  from  the  kicker  magnet  itself,  much 
further  than  the  existing  distance  of  -12  m  in  the  Main  Ring 
and  -40  m  in  the  Tevatron.  At  the  same  time,  the  rise  time  of 
the  field  has  been  decreased  from  1.8  |xs  in  the  Main  Ring  to 
1  |Lis  in  the  Main  Injector.  To  meet  specifications,  a  pulse 
forming  network  is  required  in  place  of  the  circuit  used  in  the 
Main  Ring  [1]  and  Tevatron. 

IL  DESIGN  TOPOLOGY 

The  circuit  currently  used  for  the  Main  Ring  abort  kicker 
is  shown  in  simplified  form  in  Fig.  1,  That  this  circuit  can  not 
be  used  follows  from  the  explanation  of  its  operation.  The 
initially  charged  capacitor,  C,  is  switched  through  S  to  the 
cable,  TLINE,  and  the  inductance  of  the  abort  magnet, 
LMAG.  If  a  simple  lumped  circuit  model  is  used  for  the  cable, 
the  energy  is  resonantly  transferred  from  the  capacitor  to  the 
inductance  of  the  magnet  and  cable.  When  the  capacitor 
voltage  begins  to  reverse,  the  current  is  allowed  to  free  wheel 
through  the  anti-parallel  diode,  D,  across  this  inductance.  The 
result  is  a  quarter  sine  rise  and  a  long  exponential  tail  due  to 
diode  forward  drop  and  magnet  and  cable  resistance.  This  is 
the  fundamental  operation  of  the  circuit  if  the  magnet  current 
rise  time  is  much  less  than  the  cable  transit  time,  since  then 
the  cable  may  be  treated  as  lumped  inductance  and 


capacitance.  But  if  the  magnet  current  rise  time  is  much 
greater  than  the  cable  transit  time,  a  RC  snubber  should  be 
added  at  the  magnet.  The  circuit  operates  then  as  a  low 
impedance  source  connected  through  a  transmission  line  to  a 
high  impedance  load.  The  cable  RC  termination  reduces  the 
reflections  from  the  magnet  and  the  effect  of  those  reflections 
on  the  rise  time. 

The  magnet  is  always  initially  driven  by  the  characteristic 
impedance  of  the  cable  during  the  cable  round  trip  transit 
time.  For  the  Main  Ring  abort  kicker,  which  has  a  required 
field  rise  time  of  1.8  |is,  the  cable  round  trip  transit  time  is 
120  ns.  The  magnet  voltage  has  several  steps  on  it  as  the 
current  builds  up  over  several  cable  transit  times.  Conversely, 
the  Main  Injector  abort  kicker  has  both  a  required  field  rise 
time  and  a  cable  round  trip  transit  time  of  1  |xs.  If  this  magnet 
has  a  RC  snubber,  then  almost  as  much  energy  will  be  used 
charging  the  RC  snubber  as  charging  the  magnet.  But,  if  the 
magnet  has  no  snubber,  neither  the  rise  time  nor  the  flat  top 
specifications  can  be  met.  There  are  two  circuits  that  can  be 
used  to  meet  specifications. 

Both  circuits  require  a  source  that  is  impedance  matched 
to  the  transmission  line.  Therefore,  a  constant  impedance 
pulse  forming  network  (PFN)  must  be  used  to  drive  a  cable 
with  the  same  impedance.  In  one  method,  the  magnet  is 
terminated  with  a  series  resistance  equal  to  the  source 
impedance.  In  the  other  method,  no  magnet  termination  is 
used,  but  a  matched  impedance  back  termination  is  required  at 
the  PFN,  All  the  pulse  energy  will  go  into  the  termination 
resistor,  whether  located  at  the  magnet  or  at  the  end  of  the 
PFN.  There  are  several  tradeoffs  for  each  method. 


C 
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Table  I,  Main  Injector  Abort  Kicker  Specifications 

Field  rise  time  (10  %  -  70  %) 

_ a0%-90%) 

Field  flat  top _ 

Field  flatness  (AB/B) _ 

Field  fall  time _ 

Jb  dl  (Total  kick/  2  Magnets) 

Repetition  Rate _ 

Magnet  Inductance _ 

Magnet  Current _ 

Magnetic  Gap _ 

Magnetic  Length _ 

For  the  back  termination  case,  no  cooling  is  required  in 
the  tunnel  at  the  magnet.  However,  active  cooling  is  required 
in  the  modulator  cabinet  to  dissipate  the  750  W  of  power.  The 
back  termination  diode  also  conducts  full  current  on  each 
pulse.  With  the  magnet  termination  case,  cooling  is  now 
needed  in  the  tunnel.  While  this  is  one  more  component 
actually  in  the  tunnel  enclosure,  there  is  an  ample  supply  of 
low  conductivity  water  for  cooling  magnets  in  the  tunnel.  The 
series  resistance  termination  at  the  magnet  was  therefore 
chosen  for  this  application. 

A  source  and  load  impedance  of  6.25  Q,  would  be 
required  to  safely  meet  the  specifications  in  Table  I  given  the 
magnet  inductance.  Given  the  source  impedance  and  the 
maximum  peak  current,  120  %  of  nominal,  the  PFN  charge 
voltage  is  2  Ip^  Zq,  ~  40  kV.  A  PFN  and  switch  can  be  made 
to  operate  with  these  parameters,  however  there  is  concern 
regarding  the  voltage  across  the  magnet.  There  is  currently  an 
occasional  breakdown  problem  in  the  Main  Ring  and  Tevatron 
kicker  magnets  when  operating  at  a  peak  voltage  of  35  kV. 


For  a  pulse  forming  network  with  a  "fast"  rise  time,  the 
magnet  will  have  almost  100%  overshoot,  40  kV,  across  it 
during  the  field  rise  time  because  it  presents  an  open  circuit  to 
the  leading  edge  of  the  pulse.  The  typical  kicker  magnet  is 
made  of  many  LC  sections  and  the  voltage  overshoots  very 
little  as  long  as  the  rise  time  from  the  PFN  is  comparable  to 
the  rise  time  for  one  section  of  the  magnet.  This  abort  kicker 
magnet  is  simply  a  lumped  L,  so  a  PFN  rise  time  not  fast 
compared  to  L/(2  R)  [magnet  inductance  /  (2  x  source 

impedance)  ]  is  required  to  keep  the  overshoot  small. 

This  last  requirement  changes  the  current  rise  time  to  the 
convolution  of  the  input  voltage  with  the  magnet  operational 
impedance.  Assuming  an  exponential  rising  magnet  voltage 
with  time  constant  Xy  and  assuming  Xy  =  Xmag*  l^e  magnet 
time  constant,  the  10  %  -  90  %  current  rise  time  will  be 
approximately  3.45  Xmag-  While  a  10  £2  system  would 
nominally  meet  specifications,  there  would  be  little  room  left 
for  jitter  and  variable  delay  in  thyratron  conduction  with 
voltage.  Therefore,  a  12.5  £2  impedance  is  required.  This  then 
impacts  back  upon  the  magnet  voltage.  With  a  12.5  £2 
impedance,  a  80  kV  PFN  charge  voltage  is  required. 

There  is  however  some  further  gain  that  can  be  made  by 
lowering  the  PFN  charge  voltage.  The  possibility  of  operating 
the  PFN  in  air  results  in  a  much  more  maintainable  modulator 
than  one  submersed  in  oil.  The  modulator  can  also  be  cheaper 
if  the  cost  of  a  pulse  transformer  is  less  than  the  cost  of  the  oil 
enclosure.  That  is  the  case  for  this  modulator  and  a  1 :2  step  up 
transformer  was  chosen.  This  step  up  transformer  maintains 
the  peak  voltage  at  the  magnet  to  ~  30  kV  and  reduces  the 
PFN  charge  voltage  to  -  40  kV.  In  addition,  the  pulse 
transformer  primary  is  floated  at  the  PFN  charge  potential. 
This  makes  the  thyratron  auxiliary  circuits  much  easier. 

A  simplified  schematic  of  the  new  abort  kicker  power 
supply  is  shown  in  Figure  2. 


700  ns 

1  us _ 

>9.8  \xs _ 

±10% _ 

NA _ 

0.37  kGm(8GeV)  to 
2.51  kGm(  150  GeV) 

0.4 -0.7  Hz _ 

5.05  nH _ 

2700  A _ 

50.8  mm _ 

1.89  m 


Figure  2 

Main  Injector  Abort  Kicker  Schematic 


1240 


Table  II,  Main  Injector  Abort  Kicker  Measured  Performance 


III.  EXPERIMENTAL  RESULTS 

There  has  been  only  one  serious  problem  to  date  with  the 
system.  It  was  originally  hoped  that  the  system  would  fit  into 
one  19”  relay  rack.  There  have  been  partial  discharge 
problems  with  this  configuration,  especially  near  the 
transformer  primary  connections  to  the  thyratron.  The  system 
has  only  been  able  to  operate  up  to  85  %,  30  kV,  of  the 
nominal  voltage.  The  system  has  been  rearranged  to  fit  into 
three  24”  shielded  relay  racks.  A  new  cabinet  to  house  the 
modulator  has  been  ordered  and  operation  at  120%  of  nominal 
voltage  should  be  achieved  then. 

The  magnet  current  and  voltage  waveforms  are  shown  in 
Fig.  3  for  operation  at  75%  of  nominal.  Minimal  tuning  was 
performed  to  obtain  these  waveforms.  The  measured 
performance  of  the  system  is  shown  in  Table  II  and  meets  or 
is  better  than  specifications.  While  the  raw  rise  time 
specification  has  been  easily  met,  at  least  an  additional  100  ns 
will  be  needed  to  account  for  jitter  and  the  change  in  thyratron 
conduction  delay  with  the  wide  range  in  operating  voltage, 
from  4  kV  to  40  kV.  Delay  and  jitter  will  be  minimal  at  the 
nominal  voltage,  and  therefore  the  decrease  in  rise  time  over 
specification  should  reduce  activation  in  the  magnets 
downstream  from  the  abort  kicker. 

The  magnet  voltage  has  also  been  kept  to  a  minimum.  At 
maximum  operating  voltage,  120  %,  the  magnet  voltage  will 
be  below  30  kV,  still  below  the  current  operating  voltage  of 
35  kV.  This  should  ensure  reliable  operation  of  the  magnets 
for  their  new  duty  in  the  Main  Injector. 


Field  rise  time  (10-70%) 
(10-90%) 

450  ±20  ns 

720  ±20  ns 

Field  flat  top 

10.4  ns 

Field  flatness  (AB/B) 

±5% 

IV.  CONCLUSIONS 

The  Main  Injector  required  an  updated  abort  kicker 
system.  This  system  has  been  operational  at  85%  voltage  for 
several  months  now  and  to  date  has  met  performance 
specifications.  Full  voltage  operation  will  happen  within  the 
next  year  and  the  system  will  be  burned  in  for  approximately  a 
year  before  installation  and  commissioning  in  the  Main 
Injector  are  required. 

V.  REFERENCES  AND  ACKNOWLEDGMENTS 

This  work  is  supported  by  the  U.S.  Department  of  Energy 
under  contract  No.  DE-AC02'76CH03000. 

[1]  Abort  Kicker  Power  Supply  Systems  at  Fermilab,  G. 
Krafczyk,  G.  Dugan,  M.  Harrison,  K.  Koepke,  E.  Tilles,  IEEE 
Trans.  Nuc.  Sci.,  Vol.  NS-32,  No.  5,  October  1985,  pp.  3581- 
3583 


1241 


Analysis  of  the  Electrical  Noise  from  the  APS  Kicker  Magnet  Power  Supplies* 

J.A.  Carwardine  and  J.  Wang 
Advanced  Photon  Source,  Argonne  National  Laboratory 
9700  South  Cass  Avenue,  Argonne,  Illinois  60439  USA 


Abstract 

The  APS  kicker  magnet  power  supplies  deliver  damped 
sinusoidal  currents  in  excess  of  2400A  peak  with  a  half-period 
of  300ns  to  the  kicker  magnets.  Conducted  and  radiated  elec¬ 
tromagnetic  interference  (EMI)  is  created  by  this  system  in  the 
low  megahertz  range.  This  interference  affects  a  number  of 
beam  diagnostics  in  the  APS  injector.  The  sources  and  cou¬ 
pling  mechanisms  for  the  EMI  generated  by  this  system  are 
described  and  solutions  discussed. 

1.  INTRODUCTION 

Systems  producing  high  amplitude  current  pulses  with  fast 
risetimes  generate  significant  levels  of  electromagnetic  inter¬ 
ference  (EMI)  [1].  These  high  levels  mean  that  special  care 
must  be  taken  with  the  implementation  and  installation  of  the 
noise-producing  system  itself,  and  with  ‘hardening'  of  equip¬ 
ment  operating  in  its  vicinity. 

Conducted  EMI  can  be  a  problem  because  of  the  high  cur¬ 
rent  levels,  thus  special  care  must  be  taken  to  control  the  cur¬ 
rent  paths  and  to  prevent  current  flow  into  other  parts  of  the 
facility.  Radiated  EMI  is  typically  low  impedance  (i.e.  mag¬ 
netic),  and  can  be  difficult  to  shield,  especially  close  to  the 
source  where  fields  are  highest. 

The  kicker  power  supplies  in  the  APS  deliver  fast  high- 
current  pulses  to  magnets  which  deflect  a  positron  beam  during 
its  injection  to,  or  extraction  from,  the  APS  rings.  They  operate 
in  an  environment  where  beam  diagnostics  are  required  to 
detect  low-level  analog  signals,  and  interlock  systems  protect 
against  events  such  as  arcing  in  the  rf  cavities.  The  levels  of 
EMI  generated  by  the  kicker  magnets  have  limited  the  usabil¬ 
ity  of  some  of  these  diagnostics. 

Most  kicker  noise  investigation  work  in  the  APS  has  been 
carried  out  on  kickers  in  the  positron  accumulator  ring  (PAR) 
[2].  These  operate  at  a  repetition  rate  of  60Hz,  have  voltages 
on  their  pulse-forming  networks  (PFNs),  and  produce  larger 
current  pulses  than  the  other  APS  kickers,  therefore  offering 
the  worst  case. 

Measurements  have  been  made  of  both  conducted  and 
radiated  EMI,  and  while  most  of  these  were  done  at  a  PEN 
voltage  of  5kV  rather  than  the  nominal  level  of  25kV,  insight 
has  been  obtained  into  the  EMI  sources  and  their  coupling 
mechanisms.  Data  was  processed  using  the  Self-Describing 
Data  Sets  (SDDS)  toolkit  [3]. 

II.  KICKER  OPERATION 

The  PAR  kicker  power  supplies  are  designed  to  deliver  a 
nominal  2400A  peak,  half-sinusoidal  current  with  a  rise  time 
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of  ~160nS  to  the  kicker  magnets  [4].  A  simplified  schematic  of 
the  power  supply  is  shown  in  Figure  1. 


Figure  1:  Simplified  Schematic  of  PAR  Kicker  Power  Supply 


Prior  to  a  current  pulse,  the  open-ended  PFN  is  charged  to 
a  nominal  25k V.  When  a  current  pulse  is  required,  the  thyra- 
tron  switch  is  triggered,  causing  energy  stored  in  the  PFN  to 
discharge  through  the  magnet  winding.  The  pulse  duration  is 
determined  by  the  time  constant  of  the  PFN  which  forms  a 
quarter-wave  transmission  line. 

Physically,  the  PAR  kicker  system  is  comprised  of  three 
separate  chassis:  the  magnet  and  PFN;  the  thyratron  switch 
assembly;  and  the  high  voltage  charging  supply/control  chas¬ 
sis.  The  magnet  and  thyratron  assembly  sit  close  together  in  the 
PAR  enclosure,  however  the  charging  supply/control  unit  is 
located  outside  the  PAR  radiation  shield  and  is  connected  to 
the  thyratron  assembly  by  several  meters  of  cable.  This 
arrangement  differs  from  the  other  APS  kickers  where  both  the 
charging  supply/control  unit  and  thyratron  assembly  are 
located  outside  the  radiation  shield  in  the  same  cubicle. 

The  grounded  aluminum  enclosures  for  the  magnet  and 
thyratron  assembly  provide  protection  from  high  voltage  haz¬ 
ards,  are  intended  to  provide  some  shielding  against  radiated 
EMI,  and  act  as  a  ground  plane  for  the  system.  The  outer  shield 
of  the  PFN  and  the  shield  of  the  high-voltage  feed  are  con¬ 
nected  to  these  enclosures. 

A  typical  magnet  current  pulse  is  shown  in  Figure  2. 


Figure  2:  Kicker  Magnet  Current  Pulse  at  25kV 
III.  EMI  CONSIDERATIONS 

Figure  1  shows  a  near  ideal  situation  where  all  compo¬ 
nents  are  contained  within  a  Faraday  enclosure.  However,  the 
concept  is  compromised  in  several  ways  (see  Figure  3). 
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Figure  3:  Modified  Power  Supply  Schematic 


First,  since  the  high  voltage  supply  is  located  some  dis¬ 
tance  from  the  remainder  of  the  system,  it  requires  a  local 
safety  ground.  This  creates  an  additional  return  path  (‘ground 
loop’)  for  the  charging  supply  current  since  all  of  the  local 
grounds  are  part  of  the  overall  facility  ground  system. 

Second,  while  the  magnet  winding  is  completely  con¬ 
tained  within  the  enclosure,  the  vacuum  chamber  which  it  sur¬ 
rounds  must  pass  through  the  enclosure.  Since  there  is 
capacitive  coupling  between  the  magnet  winding  and  the  vac¬ 
uum  chamber,  current  can  flow  from  the  magnet  to  the  vacuum 
chamber  and  hence  to  the  outside  world  (forming  another 
‘ground  loop’). 

Third,  the  Faraday  shield  is  not  perfect,  and  possibilities 
exist  for  radiated  fields  to  leak  through  the  enclosure  bound¬ 
aries  and  through  cable  shields. 

In  many  situations,  the  above-described  weaknesses  may 
be  of  little  consequence.  However,  they  contribute  significantly 
to  the  EMI  generated  by  the  APS  kickers  because  of  the  mag¬ 
nitude  of  the  currents  involved. 

IV.  CONDUCTED  INTERFERENCE 

Conducted  EMI  is  a  direct  consequence  of  there  being  cur¬ 
rent  loops  outside  of  the  kicker  enclosures.  The  existence  of 
loops  (a)  and  (b),  shown  in  Figure  3,  means  that  part  of  the 
magnet  current  pulse  flows  through  the  facility  ground  system 
and  hence  through  any  equipment  connected  to  it. 

The  magnitude  of  the  current  flowing  in  any  given  loop 
depends  on  its  impedance  relative  to  that  of  the  primary  current 
path.  The  fact  that  surprisingly  large  currents  have  been  mea¬ 
sured  in  apparently  unrelated  cables  clearly  means  that  the 
loop  impedance  is  not  high  enough  (based  on  the  nominal 
magnet  current,  even  a  path  isolated  by  lOOdB  from  the  main 
circuit  would  see  a  12mA  current  pulse). 

The  conducted  EMI  problem  is  widespread  because  of  the 
mesh  of  parallel  paths  formed  by  the  mass  of  “ground”  cables 
and  busbars.  Any  equipment  connected  into  the  ground  system 
experiences  voltage  and/or  current  transients  (depending  on 
how  it  is  configured  relative  to  the  ground  system).  The  closer 
the  equipment  is  (electrically)  to  the  kicker  system,  the  larger 
the  transient  it  will  experience. 

The  net  current  in  the  charging  supply  cable  is  effectively 
the  total  current  flowing  through  loop  (a)  (if  the  supply  and 
return  currents  are  equal,  there  is  no  net  current  flow). 


The  measured  current  is  shown  in  Figure  4.  As  expected,  the 
dominant  frequency  is  the  same  as  that  of  the  current  pulse. 


Figure  4:  Current  on  the  Charging  Cable  at  5kV 

This  current  has  been  traced  through  various  cables  con¬ 
nected  to  the  charging  supply/control  unit.  Significant  currents 
have  been  measured  on  the  480V  power  feed,  the  charging 
supply  safety  ground,  and  on  cables  to  the  APS  control  system. 

Current  flowing  in  loop  (b)  is  believed  to  be  the  most  dis¬ 
ruptive  to  the  beam  diagnostics  which  connect  directly  to  the 
vacuum  chamber.  It  is  difficult  to  measure  the  bulk  current 
flowing  in  this  loop,  since  the  physical  layout  of  the  kicker  sys¬ 
tem  and  the  large  number  of  ground  connections  to  the  vacuum 
chamber  make  it  impossible  to  select  a  single  conductor  which 
carries  all  of  the  loop  current. 

In  order  for  loop  (b)  to  exist  there  must  be  capacitive  cou¬ 
pling  between  the  magnet  winding  and  the  vacuum  chamber. 
The  measured  capacitance  is  50-100pF,  which  offers  an  imped¬ 
ance  of  around  IkQ  to  the  main  current  flow.  The  main  circuit 
impedance  is  16Q  which  means  that  if  this  capacitance  were  to 
dominant  the  loop  impedance,  more  than  1%  of  the  current 
pulse  could  be  coupled  through  the  vacuum  chamber. 

Measurements  were  made  during  checkout  of  a  synchro¬ 
tron  kicker  in  order  to  look  at  this  coupling  path  using  a 
dummy  beam  pipe.  Figure  5  shows  the  current  measured  in  the 
ground  connection  of  the  dummy  beam  pipe  at  a  PFN  voltage 
of  15kV.  While  a  direct  comparison  cannot  be  made  with  the 
installed  PAR  kicker,  the  fact  that  such  a  large  current  was 
measured  demonstrates  the  significance  of  this  coupling  path. 
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Figure  5:  Beam-Pipe  Current  in  Test  Configuration 
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V.  RADIATED  INTERFERENCE 

The  single  most  significant  source  of  radiated  EMI  has 
been  found  to  be  the  PEN  cables.  This  was  not  entirely  surpris¬ 
ing  given  the  magnitude  of  the  currents  they  carry,  their  length 
(12  meters),  and  the  fact  that  braided  shields  were  chosen  to 
give  some  flexibility  to  the  bulky  cables.  A  triaxial  cable  was 
chosen  for  the  APS  kicker  systems  in  order  to  provide  addi¬ 
tional  shielding  over  a  coaxial  design. 

Since  the  PEN  shields  are  only  grounded  at  one  end,  at  a 
distance  the  cable  would  £q>pear  as  if  it  were  a  simple  E-field 
antenna.  However,  in  the  case  of  the  kicker  system,  the  near¬ 
field  situation  is  of  greater  interest  because  of  the  close  prox¬ 
imity  of  other  equipment.  In  this  case,  the  PEN  cables  appear 
to  be  a  long  wire  and  they  behave  like  a  magnetic  source.  The 
leakage  field  through  the  shield  gives  the  impression  of  a  net 
current  flow  along  the  cable.  Measurements  at  5kV,  using  a 
close-field  probe,  indicated  leakage  fields  equivalent  to  a  1-2A 
current  flow  (-0.5%  of  the  total  current).  Assuming  a  simple 
long  wire  model,  this  would  produce  a  magnetic  field  of  50- 
lOOmA/m  [5]  which  agrees  well  with  measured  radiated  mag¬ 
netic  fields  under  the  same  conditions  (shown  in  Figure  6). 
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Figure  6:  Magnetic  Field,  3  meters  from  Source  at  5kV 

Similar  measurements  of  the  radiated  electric  field  were 
also  made.  By  taking  the  ratio  of  the  E  and  H  fields,  the  source 
impedance  was  determined  to  be  around  12Q  indicating  a 
strongly  magnetic  source. 

VI.  SOLUTIONS 

Initially,  EMI  levels  were  high  enough  that  the  kicker  sup¬ 
ply  itself  would  trip  on  noise  well  below  its  nominal  operating 
level,  and  signals  on  the  PAR  beam  current  monitor  were  large 
enough  to  trip  the  safety  interlock. 

The  current  flowing  around  loop  (a)  in  Figure  3  was 
reduced  by  installing  EMI  filters  on  the  cables  connecting  the 
thyratron  assembly  and  the  charging  unit.  These  increased  the 
relative  impedance  of  the  loop  and  reduced  the  amplitude  of 
the  current  by  around  20dB.  This  alone  was  sufficient  to  allow 
the  kicker  systems  to  operate  without  tripping  on  noise. 

The  most  promising  approach  to  reducing  the  current  in 
loop  (b)  is  considered  to  be  the  addition  of  an  electrostatic 
shield  around  the  magnet  winding.  Tests  have  been  carried  out 
on  a  mock-up  which  indicate  that  reductions  of  20dB  or  more 
could  be  achieved  in  the  coupling  to  the  beam  pipe.  However, 


care  is  needed  in  providing  a  very  low  impedance  path  from 
the  shield  back  to  the  energy  source,  since  the  degree  of  cou¬ 
pling  can  be  increased  by  a  wrong  connection. 

In  order  to  reduce  the  radiated  fields,  additional  shielding 
is  required  around  the  PFN  cables.  Since  the  radiated  fields  are 
magnetic  and  the  shield  material  would  be  installed  close  to  the 
field  source,  a  material  with  good  absorption  loss  is  required. 
Thick-walled  steel  conduit  is  ideal  for  this  type  of  application. 
In  theory,  a  2mm  thickness  of  steel  provides  in  excess  of 
200dB  absorption  loss  at  2MHz,  and  the  material  is  readily 
available.  A  low  cost  improvement  in  the  radiated  fields  was 
obtained  by  wrapping  the  PFN  cables  in  aluminum  baking  foil. 
The  measured  attenuation  was  3dB,  consistent  with  the  theo¬ 
retical  absorption  loss  for  Imil  of  soft  aluminum  at  2MHz. 

VIL  SUSCEPTIBILITY 

In  parallel  with  the  investigations  of  the  EMI  source, 
attempts  have  been  made  to  reduce  the  susceptibility  of  diag¬ 
nostics  affected  by  the  noise.  Clearly  any  improvement  in  their 
susceptibility  will  complement  reductions  in  the  magnitude  of 
the  EMI  sources. 

An  example  is  the  PAR  beam  current  monitor  which  con¬ 
sists  of  a  current  toroid  encircling  the  PAR  vacuum  chamber. 
Considerable  attention  had  been  given  to  protecting  the  current 
monitor  against  radiated  EMI,  the  sensor  being  housed  in  a 
multi-layer  electromagnetic  shield  which  is  bonded  to  the  vac¬ 
uum  chamber.  Nevertheless,  unacceptably  large  pulses 
appeared  on  the  current  monitor  signal  every  time  a  kicker 
fired.  Originally  the  toroid  was  electrically  floating  inside  its 
electromagnetic  shield  with  the  low-level  signal  being  trans¬ 
mitted  over  a  coaxial  cable.  By  bonding  the  shield  of  the  coax¬ 
ial  cable  to  the  electromagnetic  shield  of  the  toroid,  the  noise 
coupled  to  the  current  monitor  was  reduced  by  20dB.  Kicker 
currents  flowing  in  the  ground  system  develop  voltages 
between  different  locations  all  deemed  to  be  at  ground  poten¬ 
tial.  By  bonding  the  toroid  and  its  shield,  the  voltage  between 
them  is  reduced.  This  effect  is  believed  to  be  the  cause  of  the 
improvement  in  the  noise  on  the  current  monitor. 

The  fact  that  these  mechanisms  are  not  fully  understood 
illustrates  the  difficulties  in  predicting  EMI  effects  and  empha¬ 
sizes  the  need  for  experimentation. 
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Abstract 

Three  fast  kicker  units  have  been  designed,  tested,  and 
installed  in  the  positron  accumulator  ring  (PAR)  at  the 
Advanced  Photon  Source  (APS)  for  beam  injection  and 
extraction.  The  performance  of  these  kicker  units  has  been 
satisfactory.  This  paper  presents  the  design  and  test  results. 

1.  INTRODUCTION 

Three  fast  kicker  units  are  required  in  the  PAR  at  the 
APS.  Two  of  them,  named  PIK  and  P2K,  are  used  for  both 
beam  injection  and  extraction  with  injection  as  the  main 
function.  A  third  unit,  named  P4EK,  is  required  for  beam 
extraction  only.  Based  on  the  ring  size  and  the  beam  length, 
the  time  specifications  for  the  kicker’s  magnetic  field  are 
listed  in  Table  1. 


Table  1.  Kicker  Specification 


Rise  time  0  to  100% 

20%  to  100% 

<  190  ns 

<  100  ns 

Fall  time  94%  to  50% 

<70  ns 

Flat  top  3%  flatness 

>  35  ns 

Ringing  %  of  peak 

<30% 

The  required  kicker  field  strengths  are  283  Gauss  for 
injection  and  435  Gauss  for  extraction. 

In  the  original  design,  three  kickers  had  identical  circuit 
configurations  in  order  to  reduce  the  amount  of  design  work 
and  the  number  of  spare  parts.  However,  during  initial  test  it 
was  found  that  it  was  the  best  to  tune  the  kickers  differently 
based  upon  their  main  function,  i.e.,  beam  injection  or  beam 
extraction,  to  meet  the  different  requirements. 

11.  KICKER  CIRCUIT 

Kicker  Magnet 

The  kicker  magnet  has  a  window-frame  structure  with 
an  1 1  cm  by  5.3  cm  aperture  to  accommodate  the  coil  and 
the  vacuum  chamber.  The  magnet  is  35  cm  long  and 
constructed  with  ferrite  CMD5005  by  Ceramic  Magnetics, 
Inc.  The  magnetic  field  inside  the  ferrites  is  kept  well  below 
the  saturation  point  even  under  maximum  current.  The  total 
inductance  of  the  magnet,  not  including  the  inductance  due 
to  the  connections,  is  about  844.8  nH.  This  inductance  is  too 
high  for  the  fast  rise-time  and  fall-time  requirements.  In 
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order  to  reduce  the  inductance,  the  magnet  is  divided  into 
two  half-turn  magnets,  each  having  a  separate  pulse  forming 
network  (PFN).  The  magnet  is  also  divided  longitudinally 
into  multiple  sections  to  make  it  a  distributed  magnet. 

Pulse  Forming  Network 

The  pulse  forming  network  consists  of  two  parts.  Part 
one  is  made  of  AA7949  triaxial  cables  by  Times  Microwave 
Systems,  Inc.  Each  cable  is  made  12  meters  long  and  then 
trimmed  to  the  proper  length  during  the  test  to  give  the 
desired  rise  time.  The  nominal  characteristic  impedance  of 
the  cables  is  16.4  Q,  calculated  from  the  nominal  inductance 
and  capacitance  per  unit  length.  However,  the  manufacturer 
specifies  it  as  a  13-f2  cable.  The  test  shows  that  its 
impedance  is  around  15  ft.  In  the  computer  simulation  16.4 
ft  is  used.  The  propagation  velocity  of  the  cable  is  0.16 
m/ns.  For  each  half-turn  magnet,  there  are  two  cables 
connected  in  parallel  to  form  an  8.2-ft  PFN. 

Part  two  of  the  PFN  is  the  magnet  itself.  Since  each 
half-turn  magnet  has  an  inductance  of  422.4  nH,  it  would 
have  a  time  constant  of  55.3  ns  if  terminated  with  an  8-ft 
resistor.  This  time  constant  would  be  too  large  for  the 
required  rise  times,  especially  for  the  rise  time  between  20% 
and  100%.  To  reduce  the  effect  of  the  magnet  inductance  on 
the  field  rise  time  it  was  decided  to  make  the  magnet  a 
distributed  magnet  instead  of  a  lumped  one.  Each  half-turn 
magnet  is  divided  into  multiple  sections  by  lumped 
capacitors.  Appeirently,  the  more  sections  the  magnet  is 
divided  into,  the  closer  it  is  to  a  true  transmission  line. 
However,  because  of  the  limit  of  the  physical  size  of  the 
capacitors,  the  number  of  sections  cannot  be  too  big.  In 
reality  it  has  to  be  a  compromise  between  the  time 
requirement  and  the  sizes  of  the  magnet  and  the  capacitors. 

With  a  distributed  magnet,  the  rise  time  of  the  field  in 
the  magnet  gap  is  determined  by  the  sum  of  the  time  that  is 
required  for  the  current  in  the  load  resistors  to  reach  the  peak 
and  the  time  that  is  required  for  the  current  wave  to  travel 
through  the  magnet.  The  rise  time  of  the  current  depends  on 
the  overall  inductance  in  the  connections  between  the 
magnet  and  the  resistor  load,  in  the  resistor  load  assembly, 
and  in  the  thyratron  assembly.  The  speed  at  which  the  field 
wave  travels  through  the  magnet  is  given  by 

v  =  l/V^Co 

where  Lq  and  Cq  are  the  inductance  and  the  capacitance  of 
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each  section.  Then  for  a  magnet  that  has  N  sections  the 
traveling  time  through  the  magnet  is  T  =  Nlv-  N^LqCq  . 

In  the  design  Cq  is  chosen  first  because  not  many 
capacitors  are  available  for  this  type  of  applications.  The 
TDK  UHV-12A  high-voltage  ceramic  capacitor  was  chosen 
for  its  high  voltage  rating  and  relatively  small  physical  size. 
It  has  a  nominal  capacitance  of  1.72  nF  and  is  rated  at  50  kV. 
Using  these  values,  N  is  determined  to  be  4  and  T  is  equal  to 
53.9  ns.  The  characteristic  impedance  of  the  half-turn 
magnet,  given  by  Cq,  is  then  equal  to  7.84  Q 

which  is  close  to  the  characteristic  impedance  of  the  cable 
portion  of  the  PFN. 

Since  four  sections  are  not  enough  to  make  the  magnet 
behave  like  a  true  transmission  line,  there  will  be  ringing 
between  the  sections  if  no  damping  is  introduced.  The 
SPICE  computer  simulation  showed  that  adding  a  resistor 
with  the  same  value  as  the  PFN  impedance  to  each  capacitor 
eliminated  the  ringing  without  slowing  the  speed 
significantly. 

HV  Power  Supply 

The  high-voltage  power  supplies  used  for  the  kicker 
units  are  rated  at  50  kV  and  6  kJ/s.  This  power  supply 
operates  in  the  constant-current-charging  mode  before  the 
output  voltage  reaches  the  set  point,  then  it  switches  into  the 
constant-voltage-regulating  mode.  The  output  can  be  easily 
controlled  by  an  HV  ON/OFF  TTL  logic  signal.  The  output 
voltage  level  can  be  controlled  by  the  reference  voltage 
within  ±0.5%  (though  the  HV  power  supply’s  specification 
is  better)  from  shot  to  shot  even  for  a  load  less  than  30  nF. 
This  is  very  important  to  our  application  since  the  injection 
kickers  require  different  voltage  levels  at  the  beam  injection 
and  the  beam  extraction. 

The  HV  power  supply  also  has  a  built-in  100-200  |Xs 
dead  time  after  the  load  is  suddenly  discharged  to  give 
enough  time  for  the  thyratron  to  recover.  This  type  of  power 


supply  is  ideal  for  capacitive  loads  that  are  charged  and 
discharged  repeatedly.  It  eliminates  the  need  for  an  external 
high  voltage  regulator  and  makes  the  control  simple. 

A  circuit  diagram  of  a  half-turn  magnet  and  its  PFN  is 
shown  in  Fig.  1.  This  circuit  is  used  in  the  computer 
simulation.  The  capacitor,  Cj,  is  not  included  in  the 
simulation  and  there  is  only  one  capacitor  at  the  end  of  the 
half-turn  magnet.  The  PFN  cable  length  used  in  the 
simulation  is  12  meters  one  way.  The  simulation  showed 
this  circuit  would  produce  a  waveform  with  80-ns  rise  time 
and  fall  time  and  80-ns  flat  top  [1]. 

III.  TEST  RESULTS  OF  THE  KICKER  UNITS 

A  prototype  kicker,  shown  in  Fig.  2,  was  built  according 
the  circuit  shown  in  Fig.  1.  During  the  test  a  few  problems 
were  found  with  the  original  design. 

First,  the  current  and  the  magnetic  field  had  a  rise  time 
close  to  120  ns — much  longer  than  what  the  simulation 
showed.  The  fall  time  was  even  longer,  more  than  200  ns. 
Second,  looking  at  the  currents  or  voltages  at  different 
sections  of  the  magnet,  the  propagation  of  the  field  along  the 
magnet  was  not  clear.  There  was  some  time  delay  among 
the  first  three  sections,  but  very  little  delay  between  the  last 
two  sections.  The  test  showed  that  the  inductance  of  all  the 
connections,  the  thyratron  assembly,  and  the  resistor  load 
was  greater  than  the  original  estimate,  50  to  100  nH.  Also, 
there  was  some  magnetic  coupling  between  adjacent  magnet 
sections.  In  the  design,  there  is  a  1/8  inch  gap  between  two 
sections.  The  test  showed  that  this  gap  is  not  big  enough  to 
stop  magnetic  flux  flowing  fi:om  one  section  to  another.  The 
result  is  a  magnetic  coupling  between  two  adjacent  sections 
which  makes  the  magnet  act  more  like  a  lumped  magnet. 
According  to  J.  Dinkel,  et  al.  [2],  the  space  between  adjacent 
sections  can  be  up  to  40%  of  the  ferrite  width  without 
significant  effect  on  the  field.  Some  effort  was  spent  on 
inserting  copper  plates  between  magnet  sections  to  prevent 
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Figure  2.  Prototype  kicker  magnet 

the  flux  from  crossing  the  gaps.  However,  because  of  size 
limitations,  the  copper  plates  could  not  stop  the  flux 
effectively. 

Because  of  the  schedule,  it  was  not  possible  to  redesign 
the  magnet.  Much  effort  was  spent  on  making  adjustments 
in  the  circuit  to  compensate  for  the  slow  magnet.  For  the 
injection  kickers,  the  total  rise  time  satisfied  the  requirement, 
but  the  rise  time  from  20%  to  100%  exceeded  the  limit.  Its 
fall  time  also  needed  to  be  greatly  reduced. 

To  reduce  the  rise  time,  a  capacitor,  Cj,  was  added  to 
the  load  resistor.  This  capacitor  not  only  reduced  the  rise 
time  and  the  fall  time,  but  also  increased  the  ringing  at  the 
end  of  the  pulse.  Therefore,  Cj  could  not  be  too  big.  A  4.7-* 
nF  capacitor  was  found  to  be  the  optimal  choice,  providing 
the  needed  time  reduction  without  an  excessive  increase  in 
the  ringing. 

To  further  reduce  the  fall  time,  the  capacitor  value  at  the 
output  of  the  magnet  was  tripled.  This  greatly  reduced  the 
fall  time,  but  the  rise  time  increased  as  a  side  effect.  To 
compensate,  the  PFN  cables  were  shortened  so  the  traveling 
wave  from  the  PFN  would  come  back  early  and  the  magnetic 
field  would  reach  the  peak  early.  The  negative  side  of 
shortening  the  PFN  was  that  greater  PFN  voltage  would  be 
needed  to  produce  the  required  current.  After  extensive 
tests,  the  best  configuration  for  the  injection  kickers  was 
achieved.  For  the  best  configuration,  the  PFN  cables  were 
shortened  to  8  meters  and  the  third  R-C  branch  from  the 
input  of  the  magnet  was  removed.  Figure  3  shows  the  field 
waveform  obtained. 


Figure  3.  The  magnetic  field  of  the  beam  injection  kicker 


For  the  extraction  kicker,  the  fall  time  and  the  ringing 
are  not  important  since  the  PAR  is  empty  after  beam 
extraction.  The  flat  top  can  be  narrower  because  of  a  much 
smaller  beam  size,  less  than  a  nanosecond,  at  the  extraction. 
The  important  parameter  is  the  rise  time.  After  some 
adjustment,  the  best  configuration  was  found.  Its  cable  PFN 
is  9  meters,  and  the  half-turn  magnet  only  needs  the  first  and 
the  last  R-C  branches  (with  only  one  C  in  the  last  branch). 
The  4.7-nF  capacitor,  Cj,  is  also  required.  Figure  4  shows 
the  magnetic  field  of  the  extraction  kicker,  and  Table  2 
shows  the  achieved  parameters  of  the  injection  and 
extraction  kickers. 


Figure  4.  The  magnetic  field  of  the  beam  extraction  kicker 


Table  2.  Achieved  Kicker  Parameters 


Injection 

Extraction 

Rise  time  0  to  100% 

160  ns 

142  ns 

20%  to  100% 

98  ns 

88  ns 

Fall  time  94%  to  50% 

70  ns 

Flat  top  3%  flatness 

60  ns 

46  ns 

Ringing  %  of  peak 

26% 

IV.  CONCLUSION 


Since  the  prototype,  three  kicker  units  have  been  built. 
Their  PFNs  and  the  magnet  configurations  were  adjusted 
according  to  the  test  results  from  the  prototype.  These  kicker 
units  have  been  installed  in  the  PAR  for  more  than  a  year, 
with  each  injection  kicker  accumulating  more  than  25 
million  pulses.  The  performance  of  these  kickers  has  been 
satisfactory — near  100%  beam  injection  and  extraction 
efficiency  has  been  achieved. 
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Abstract 

A  cost  effective  injection  kicker  has  been  developed  for  the  elec¬ 
tron  storage  ring  at  Duke.  Magnet  components  and  driver  cir¬ 
cuitry  are  integrated  in  a  modular  format  that  has  resulted  in 
a  low  cost,  highly  maintainable  and  upgradeable  development 
system.  The  driver  and  magnet  can  be  easily  reconfigured  from 
a  simple  LRC  circuit(parallel  or  series)  that  provides  a  pulse 
approximating  a  half  sinusoid  to  one  utilizing  a  pulse  forming 
line  to  provide  a  more  trapezoidal  pulse  shape.  The  modular 
development  platform  has  permitted  the  kicker  to  evolve  with 
the  storage  ring  in  a  way  that  minimizes  further  expenditures  of 
time  and  materials. 


1.  Introduction 

The  injection  kicker  for  the  Duke  Storage  Ring  is  a  basic  split 
frame  magnet.  The  magnet  is  split  along  a  longitudinal  vertical 
plane,  with  respect  to  the  electron  beam  path,  essentially  forming 
two  C-core  magnets.  The  core  material  is  CMD 1 0  from  Ceramic 
Magnetics  Inc.,  Fairfield,  NJ.  It  is  a  Ni-Zn  ferrite  chosen  for 
it’s  high  saturation  flux  density  and  very  high  curie  point.  The 
magnet  halves  are  joined  with  their  open  ends  facing  each  other 
as  shown  in  figure  1. 


Figure.  1.  End  View  of  a  Split  Frame  Magnet 


The  current  coils  extend  the  length  of  the  magnet  and  are 
driven  with  equal  but  opposite  current  pulses.  This  induces  an 
equal  but  opposite  magnetic  flux  to  circulate  in  each  of  half  of 
the  magnet. 

At  the  interface  between  the  two  halves,  the  opposing  flux  is 
forced  up  through  the  gap  inside  the  beam  tube.  This  produces  a 

*  Supported  by  the  U.S.  Air  Force  Office  of  Scientific  Research,  contract 
F49620-93- 1-0590  and  the  U.S.  Army  Space  &  Strategic  Defense  Command, 
contract  DASG60-89-C-0028. 


vertical  magnetic  field  in  the  chromium  coated  beam  tube  which 
is  used  to  kick  the  electrons  to  the  left.  The  required  kick  varies 
from  2.927  mrad  for  stacking  to  5.853  mrad  for  single  bunch 
injections.  If  the  current  pulses  to  the  coils  are  not  equal  and 
opposite,  a  flux  imbalance  would  allow  an  unopposed  net  flux 
to  cross  the  interface  and  circulate  between  the  two  halves.  To 
prevent  the  possibility  of  a  net  circulating  flux,  a  copper  shield 
is  typically  placed  between  the  halves. 

Although  this  is  a  common  type  of  magnet  geometry,  budget 
constraints  required  the  following  features: 

•  Reliable  and  serviceable  system  that  excludes  the  need  for 
a  complete  spare  backup  magnet. 

•  Mver  upgradeable  to  handle  injections  from  250  MeV  to 
1  GeV(integrated  field  range  of  2.44  to  19.51  kGs  *  cm). 

•  Driver  reconfigurable  from  a  150  ns  half  sinusoid  pulse  to  a 
trapezoidal  pulse  with  350  ns  flat-top  and  <  75  ns  rise/fall- 
times. 

A  major  benefit  of  a  split  frame  magnet  is  that  it  can  be  re¬ 
moved  from  the  beam  tube  without  disturbing  the  vacuum  sys¬ 
tem.  This  feature  was  exploited  to  make  the  most  failure  prone 
component  serviceable  at  the  beamline.  Typically  the  most  fail¬ 
ure  prone  component  is  the  insulation  of  Ae  magnet  coils. 

11.  Magnet  Design 

A  common  mode  of  failure  in  kicker  magnets  is  the  break¬ 
down  of  the  potting  compound.  A  common  potting  compound 
is  silicone.  Kicker  magnets  employ  one  turn  coils  to  minimized 
inductance  resulting  in  large  electrical  stress.  When  combined 
with  ionizing  radiation  and  rf  heating,  silicones  are  more  prone 
to  damage  than  other  materials  like  epoxy.  However  silicones 
are  more  easily  removed  than  epoxies  when  a  repair  is  required. 
We  decided  upon  a  hybrid  approach.  The  magnet  was  potted  in 
RTV  Silicone  fron  General  Electric  while  the  coils  were  potted 
as  separate  disposable  assemblies  in  ceramic  filled  epoxy. 

The  potted  copper  strap  that  forms  the  coil  is  shown  in  figure 
2.  Connecting  posts  are  attached  to  each  end.  Five  layers  of 
kapton  film  are  wrapped  around  the  strap  in  a  spiral  fashion 
between  the  two  posts.  It  is  then  placed  in  a  mold  and  vacuum 
potted  with  Stycast  2850ET  Ceramic  Filled  Black  Epoxy  from 
Emerson  Cumming  Inc.,  Worbum,  MA. 

The  connecting  posts  of  the  coils  fit  into  a  mating  socket  in 
the  magnet  body.  The  mating  socket  is  molded  into  the  silicone 
potting  compound  that  surrounds  the  ferrite  in  the  copper  magnet 
case.  Female  bridge  formed  Louvretac  bands  from  AMP  Inc. 
Harrisburg,  PA  are  used  in  the  mating  socket  to  make  circumfer¬ 
ential  contact  with  the  connecting  posts.  Final  assembly  of  the 
magnet  can  be  seen  in  figure  3. 

The  coil  assembly  and  mating  connections  were  tested  with 
1.6kA,  500ns  pulses  at  a  rep  rate  of  10  pps.  This  test  was  per¬ 
formed  8  hours  per  day  for  five  days,  resulting  in  over  1  million 
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Figure.  2.  Magnet  Coil  Assembly 

cycles  without  any  sign  of  degradation.  The  seune  coil  assemblies 
and  connectors  have  been  in  use  since  storage  ring  commission¬ 
ing  began  the  first  week  of  November  ’94. 

External  connections  to  the  magnet  are  made  with  1-5/8”  50Q 
coaxial  hardline.  Flanges  that  mate  to  the  hardline  are  built  into 
the  magnet  case.  Since  the  hardline  is  pressurized  with 
O-rings,  held  in  place  by  a  nylon  carrier,  are  used  to  keep  the 
SF(,  from  leaking  out  through  the  magnet. 

The  complex  impedance  of  the  magnet  and  connecting  hard¬ 
ware  was  measured  with  a  Hewlett-Packard  4194A  Impedance 
Analyzer.  The  results  of  these  measurements  were  used  to  build 
a  simple  circuit  model.  Computer  simulations  using  this  model 
helped  to  determine  the  appropriate  capacitance  and  resistance 
values  used  in  the  driver  circuit.  The  schematic  of  the  final  circuit 
is  shown  in  figure  4. 

III.  Driver  Assembly 

The  driver  circuitry  is  housed  in  a  cylindrical  brass  vessel. 
The  circuit  components  are  assembled  on  the  bottom  plate.  The 
upper  half  of  the  vessel(the  top  plate  welded  to  the  12  inch  pipe)  is 
lowered  over  the  assembled  components  and  bolted  to  the  bottom 
plate.  An  O-ring  in  the  bottom  plate  and  a  12  hole  bolt  circle 
provide  a  seal  that  allows  the  interior  volume  to  be  pressurized 
with5F6.  Figure  5  shows  the  layout  of  the  principle  components 
in  the  driver  assembly.  A  Maxwell  40184  Spark  Gap  is  used 
along  with  a  Maxwell  40168  Trigger  Generator(not  shown).  This 
combination  was  chosen  for  its  low  jitter  specification.  Omitted 
from  the  figure  are  the  spark  gap  bias  resistors,  and  the  blocking 
capacitors  that  isolate  the  driver  circuit  from  the  spark  gap  trigger 
generator.  Maxwell  specified  components  were  used. 

The  disk  resistor  is  a  0,2Q  Carborundum  current  shunt.  A 
4.95kQ  resistor  is  connected  from  the  node  of  the  disk  resistor 
and  capacitor  bank,  to  the  center  of  a  BNC  bulkhead  feed-through 
in  the  bottom  plate.  This  provides  a  100:1  divider  into  a  50Q 
scope  channel  for  monitoring  the  driver  current  in  the  control 
room.  The  belleville  washers  provide  the  25psi  contact  force 
recommended  for  the  disk  resistor.  Although  this  circuit  uses 
a  parallel  damping  resistor,  a  series  damping  resistor  could  be 


Figure.  3.  Top  View  of  Kicker  Magnet 


Figure.  4.  Schematic  of  Model  Kicker  Circuit 


employed  by  increasing  the  value  of  the  series  disk  resistor. 

1-5/8”  coaxial  hardline  flanges  are  welded  to  the  top  and  bot¬ 
tom  plates.  By  using  a  variety  of  these  standard  fittings  and 
modifying  them  as  needed  for  our  applications,  a  very  modular 
development  system  unfolded.  For  instance,  original  specifica¬ 
tions  for  the  kicker  pulse  required  a  long  flat-top  to  be  provided 
by  a  pulse  forming  line(pfl).  The  pfl  was  to  be  fashioned  from 
four  lengths  of  RG-2 1 3 ,  with  all  eight  ends  attached  to  the  spark 
gap  switch  in  place  of  the  capacitor  bank.  For  this  a  3-1/8”  to  1- 
5/8”  50 taper  was  modified  and  attached  to  the  1-5/8”  flange  in 
the  bottom  plate.  A  3-1/8”  blind  flange  was  made  to  mate  to  the 
large  end  of  the  taper.  Holes  and  cable  shears  for  nine  RG-2 13 
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;  TOP PLATE 
;  12"  BRASS  PIPE 
:  BOTTOM  PLATE  4 
:  MODIFIED  1-5/8"  FLANGE 
:  RG-213  HV  INPUT  5 

:  OUTPUT  CONDUCTOR 
:  DELRIN  SPACER 
:  BELLEVILLE  WASHERS 


9:  SPARK  GAP 
10:  COPPER  PLATE 
11:  CAPACITOR  BANK 
12:  COPPER  DISK 
13:  DISK  RESISTOR 
14:  COPPER  FLAG 
15:  DAMPING  RESISTOR 


Figure.  5.  Driver  Housing 


cables(8  pfl  ends  and  1  HV  lead)  were  added  to  the  blind  flange. 
Inside  the  taper  the  center  conductors  attached  to  a  common  post 
similar  to  the  output  post  at  the  top  of  the  driver  housing.  This 
sort  of  installation  is  depicted  in  figure  6. 

To  connect  the  driver  to  the  magnet,  the  hardline  was  modified 
in-house  to  form  an  electrical  Y  connection  with  one  input  and 
two  outputs.  The  input  of  the  Y  is  connected  to  the  driver  circuit. 
The  outputs  of  the  Y  are  hooked  up  to  opposite  ends  and  opposite 
sides  of  the  magnet  so  that  the  driver  current  is  flowing  in  opposite 
directions  in  the  two  coils.  The  other  end  of  each  coil  is  shorted 
to  the  magnet  case  which  provides  the  return  path  back  to  the 
outer  conductor  of  the  hardline. 

IV.  Conclusion 

Our  modular  design  approach  has  provided  us  with  an  ex¬ 
tremely  reliable  fast  kicker  magnet.  A  variety  of  adapters  have 
been  made  during  the  course  of  development  to  provide  a  system 
that  can  be  readily  reconfigured.  The  only  failure  as  of  the  time  of 
this  writing  has  been  of  the  current  limiting  resistors  in  the  spark 
gap  trigger  circuit.  These  were  quickly  repaired  and  their  failure 
was  likely  due  to  the  kicker  being  operated  without  sufficient 
dielectric  gas  pressure  between  the  spark  gap  electrodes.  This 
caused  runaway  self-triggering  of  the  spark  gap  and  exceeded 
the  average  power  rating  of  the  current  limiting  resistors. 
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HIGH  CURRENT  HIGH  ACCURACY  IGBT  PULSE  GENERATOR* 

V.  V.  Nesterov  and  A.  R.  Donaldson 

Stanford  Linear  Accelerator  Center,  Stanford,  CA  94309  USA 


A  solid  state  pulse  generator  capable  of  delivering  high 
current  triangular  or  trapezoidal  pulses  into  an  inductive 
load  has  been  developed  at  SLAC.  Energy  stored  in  a 
capacitor  bank  of  the  pulse  generator  is  switched  to  the 
load  through  a  pair  of  insulated  gate  bipolar  transistors 
(IGBT).  The  circuit  can  then  recover  the  remaining  energy 
and  transfer  it  back  to  the  capacitor  bank  without  reversing 
the  capacitor  voltage.  A  third  IGBT  device  is  employed  to 
control  the  initial  charge  to  the  capacitor  bank,  a  command 
charging  technique,  and  to  compensate  for  pulse  to  pulse 
power  losses.  The  rack  mounted  pulse  generator  contains  a 
525  |llF  capacitor  bank.  It  can  deliver  500  A  at  900V  into 
inductive  loads  up  to  3  mH.  The  current  amplitude  and 
discharge  time  are  controlled  to  0.02%  accuracy  by  a 
precision  controller  through  the  SLAC  central  computer 
system.  This  pulse  generator  drives  a  series  pair  of 
extraction  dipoles. 


at  the  predetermined  time,  the  second  transistor  Q2  is 
turned  off  and  the  remaining  magnet  current  is  redirected 
into  the  capacitor  bank  C  through  the  diodes  D1  and  D2,  so 
that  the  voltage  across  the  capacitor  C  never  changes  in 
polarity.  After  the  command  charging  transistor  Q3  is 
turned  on,  the  dc  power  source  recharges  the  capacitor  C 
back  to  its  original  voltage,  making  up  for  any  energy 
losses  that  occur  during  the  discharge  cycle.  To  increase 
the  flatness  of  the  initial  portion  of  the  ’’flat  top”  the  first 
IGBT  Q1  is  turned  off  slowly  by  using  a  rather  high  value 
resistor  in  series  with  the  gate.  The  drive  resistor  also 
minimizes  the  switching  transient  voltage  at  turn-off,  A 
consequence  of  this  slow  turn-off  is  higher  power 
dissipation  within  the  device,  but  since  the  unit  operates  at 
only  120  Hz  this  does  not  present  a  problem. 

Figure  2  shows  the  waveforms  for  various  parts  of  the 
circuit. 


L  INTRODUCTION 

A  "flat  top"  pulse  generator  energizes  a  bending 
magnet  to  extract  particle  beams  from  the  linear  accelerator 
for  the  PEP  II  injector  [1].  The  IGBT  Pulse  Generator 
described  in  this  article,  and  earlier  ones  based  on 
Darlington  transistors,  are  used  at  SLAC  in  applications 
where  relatively  low  voltage,  low  current  and  slow 
extraction  kickers  are  required  [2].  Major  features  of  these 
pulse  generators  are  their  simple  topology,  compactness 
and  reliability. 


Figure  1.  Block  diagram  of  the  pulse  generator. 


11.  BASIC  CIRCUIT  DESCRIPTION 

Figure  1  shows  a  simplified  schematic  of  the  pulse 
generator.  Initially  the  storage  capacitor  C  is  charged  up  to 
the  power  supply  output  voltage.  To  initiate  the  discharge 
of  capacitor  C  into  the  magnet  L,  both  transistors  Q1  and 
Q2  are  simultaneously  turned  on.  The  feedback  loop 
current  is  constantly  monitored  and  compared  to  the 
desired  "flat  top"  reference  value.  When  the  current  reaches 
the  specified  level,  which  could  be  up  to  500  A,  one  of  the 
IGBT  switches,  for  example  Ql,  is  turned  off.  The  current 
still  present  in  the  magnet  L  will  continue  to  flow  through 
the  magnet,  but  by  using  a  different  path:  freewheeling 
through  the  diode  D1  and  conducting  transistor  Q2,  thus 
creating  a  "flat  top"  on  the  current  pulse. 

This  "flat  top"  current  will  decay  exponentially  until, 

*Work  supported  by  DoE  contract  DE-AC03-76SF00515 


Figure  2.  Waveforms  for  the  pulse  generator  circuit. 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1251 


III.  CONTROL  CIRCUIT 

A  block  diagram  of  the  control  circuitry  for  the  IGBT 
pulse  generator  is  shown  in  Figure  3.  A  input  signal 

is  converted  to  a  CMOS  pulse,  that  activates  Timer  1 .  The 
output  of  this  timer  controls  the  beginning  and  the  duration 
of  the  Q1  and  Q2  conducting  periods,  and  limits  the 
maximum  rise  time  of  the  pulse  generator  discharge 
current.  As  was  mentioned  above,  IGBT  Q1  is  feedback 
coupled,  and  when  the  feedback  signal  at  the  input  of  the 
precision  comparator  reaches  the  reference  level,  the  output 
of  the  ’’AND"  gate  will  change  state,  and  turn  off  Ql. 

Timer  2  triggered  by  the  input  pulse,  isolates  the  dc 
charging  supply  from  the  pulse  generator  for  the  load  pulse 
duration.  Timer  3  limits  the  trigger  rate  to  a  safe  range  of 
repetition  rates  and  protects  it  from  misfiring.  The  peak 
detector  provides  a  dc  voltage  read  back  scaled  to  the  load 
current  pulse  amplitude.  It  self-resets  at  the  initiation  of 
each  current  transductor  pulse.  If  triggering  pulses 
disappear  for  a  period  longer  than  the  one  second  time  out 
of  Timer  4,  this  timer  will  reset  the  peak  detector  to  zero. 

This  circuit  is  contained  in  a  separate  chassis  that  is 
mounted  above  the  pulse  power  chassis. 

IV.  DESIGN  CONSIDERATIONS 

The  components  for  the  pulse  generator  are  contained 
in  a  single  rack  mounted  chassis  with  the  following 
dimensions:  19"  wide,  10.5"  high  and  20"  deep.  The 
525  pF.capacitor  bank  is  composed  of  15,  35  pF,  660  VAC 


Figure  3.  Block  diagram  of  pulse  generator  controls. 


parallel  capacitors.  These  units  are  manufactured  by  GE. 

Powerex  600  A,  1200  V  IGBT's  are  used  as  the  Ql 
and  Q2  switches  in  conjunction  with  Semikron  drivers. 
Semikron  drivers  were  selected  because  they  have  high 
voltage  rating  for  input  to  output  isolation,  they  need  only 
one  +15  V  dc  source  at  the  grounded  side  of  the  control 
circuit,  and  their  ability  to  drive  IGBT’s  directly. 

Two  IGBT  and  two  diode  modules  are  mounted  on  a 
common  water  cooled  heat  sink.  Particular  attention  has 
been  given  to  the  mechanical  layout  of  the  generator 
chassis  to  reduce  the  influence  of  all  parasitic  parameters 
and  in  effect  minimize  switching  transients.  Snubber 
networks  are  used  across  the  IGBT's  to  protect  them 
against  transient  over  voltages.  An  SCR  protection 
crowbar,  as  an  option,  can  also  be  installed  at  the  pulse 
generator  output. 

The  photo  below  shows  the  top  of  the  water  cooled 
heat  sink  with  one  IGBT  and  one  diode  module  visible. 
The  other  pair  is  mounted  on  the  bottom  of  the  heat  sink 
along  with  the  charge  control  IGBT  Q3.  The  photo  only 
displays  three  of  the  15  capacitors  in  the  bank. 

The  water  hoses  for  the  heat  sink  are  terminated  on  the 
back  panel  of  the  chassis  with  quick  disconnect  fittings. 


Figure  4:  Mechanical  layout  of  pulse  power  chassis. 


A  Danfysik  500  A  dc  transductor  is  used  in  the  current 
feedback  loop,  as  the  pulse  current  sensor.  The  unit  is  an 
integrated  zero  flux  transductor.  The  measuring  head  and 
the  electronic  circuit  for  control  and  feedback  are  enclosed 
one  compact  package.  These  units  have  been  temperature 
cycled  over  40°C  ranges  and  exhibit  stability  and  accuracy 
of  better  than  0.01%.  The  unit  has  a  small  signal  band 
width  of  100  kHz  that  is  very  adequate  for  this  application. 

The  initial  energy  for  the  capacitor  bank  and  the  pulse 
to  pulse  make  up  energy  are  provided  by  a  900  V,  8  kJ/s 
capacitor  charging  supply.  This  power  supply  will  operate 
up  to  a  maximum  voltage  of  850  V.  It  is  manufactured  by 
Electronic  Measurements,  Inc. 


1252 


Figure  5.  Magnet  current  vs.  extraction  energy. 


Time  [s] 

Figure  6.  Magnet  current  and  d0/dt  waveforms. 


V.  CONCLUSIONS 

The  generator  has  been  tested  into  an  inductive  load  of 
1.6  mH  (the  actual  magnet  pair)  and  was  delivering  current 
pulses  up  to  470  A  with  a  100  [is  flat  top.  The  pulse  to 
pulse  stability  at  the  flat  top  is  equal  to  or  better  than 
0.02%. 

The  energy  range  for  extracted  beam  will  be  from  8  to 
10  GeV  [2].  The  generator  has  been  tested  with  the  intent 
to  operate  up  to  12  GeV. 

The  operating  range  for  extraction  energy,  magnet 
field  and  current  is  shown  in  Figure  4. 

The  actual  magnet  current  waveform  with  a  100  |xs 
"flat  top"  at  470  A,  somewhat  in  excess  of  that  needed  for 
12  GeV,  is  shown  in  Figure  5. 

The  "flat  top"  was  established  at  100  |xs  which 
minimizes  any  pulser  tum-on  jitter  that  would  be 
deleterious  to  constant  energy  extraction.  The  generator  can 
produce  much  wider  "flat  top"  times,  but  at  the 
consequence  of  some  droop.  We  have  developed 
techniques  to  eliminate  the  droop,  but  in  this  application 
only  a  100  |xs  "flat  top"  or  less  is  needed  for  the  very  short 
beam  pulses  being  extracted.  The  current  pulse  looks 
somewhat  triangular  as  a  result  of  the  narrow  "top,"  but  it  is 
very  clean  and  does  not  exhibit  any  overshoot  or  ripple. 
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ANALYSIS  AND  DESIGN  MODIFICATIONS  FOR  UPGRADE  OF  STORAGE 
RING  BUMP  PULSE  SYSTEM  DRIVING  THE  INJECTION  BUMP  MAGNETS  AT 

THE  ALS* 

G.  D.  Stover,  Lawrence  Berkeley  Laboratory,  LFniversity  of  California,  Berkeley,  CA  94720  USA 


A  fast  (4.0  ms  half  period)  resonant  discharge  pulse 
system,  using  SCRs,  was  designed  and  constructed  to  drive 
the  injection  bump  magnet  system  at  the  Advanced  Light 
Source  (ALS)[1].  The  commissioning  process  revealed  a  high 
frequency  resonance  (T  =  800  NS)  superimposed  on  the 
driver  discharge  wave  form.  In  addition,  the  peak  amplitude 
of  the  magnet  load  recovery  current  exceeded  design 
specifications.  A  SPICE  analysis  confirmed  the  suspected 
mechanisms  for  the  parasitic  ringing  and  the  excessive  load 
current  "undershoot.”  This  paper  will  address  the  subsequent 
analysis,  measurements,  and  modifications  carried  out  during 
the  maintenance  shutdown  in  June  1993. 

L  INTRODUCTION 

This  paper  will  a  short  review  the  pulser  electrical  system 
design,  and  continue  with  a  more  extensive  discussion  of  the 
problems  discovered  during  commiss-ioning,  the  subsequent 
SPICE  analysis  of  the  system,  the  subsequent  modifications 
made  to  the  electrical  system  and  finally  the  discuss  the  new 
wave  forms  measured  more  complete  description  of  the 
injection  process,  the  magnet  layout  and  specifications  and 
electrical  system  of  the  magnet  drivers  can  be  found  in  a 
previous  paper. 

11.  BASIC  SYSTEM  LAYOUT 

The  sinusoidal  current  wave  form  required  to  drive  the 
injection  magnets  is  generated  by  the  resonant  discharge  of  a 
capacitor  bank  through  a  distributed  array  (64  total)  of  high 
voltage  Silicon  Controlled  Rectifiers  (SCRs)  switches 
through  a  very  low  inductance  transmission  line  (4  groups  or 
8  parallel  cables)  to  the  predominantly  inductive  magnet  load. 
The  basic  topology  for  the  pulse  system  is  shown  in  Figure  1. 
The  four  parallel  bipolar  SCR-capacitor  discharge  modules 
that  are  shown  in  Figure  2. 

III.  ORIGINAL  MEASUREMENTS 

The  bottom  trace  in  Figure  3  is  the  output  current  from 
one  of  the  four  SCR  pulse  units. 

♦Work  supported  by  the  Director,  Office  of  Energy  Research,  Office 
of  Basic  Energy  Sciences,  Material  Sciences  Division,  U.S.  Depart¬ 
ment  of  Energy,  under  Contract  No.  DE-AC03-76SF00098. 


Upstream  Bump8+ 


Figure  1.  Bump  pulse  system 
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Figure  2:  One  of  four  bipolar  SCR-capacitor  discharge 
modules 

The  high  frequency  ringing  superimposed  on  the 
discharge  pulse  has  a  nominal  period  of  800  ns.  Due  to  this 
parasitic  ringing  the  peak  di/dt  at  the  moment  of  tum-on  has 
been  measured  as  high  as  3300  amps/|is  over  a  period  of  500 
ns.  This  specification  is  more  than  twice  the  specified 
maximum  listed  for  the  SCR  switches  and  was  a  potential 
source  of  damage.  Additionally,  as  seen  in  figure  4,  the 
current  in  the  magnet  load  rings  negative  to  about  20  %  of  the 
peak  forward  current.  This  value  a  20  times  larger  than  the 
1.0%  reverse  ring  specified  for  the  injection  bump  magnets 
and  could  have  adverse  effects  the  smooth  injection  of  stored 
beam.  The  distributed  design  of  the  pulse  system  prevented 
the  iterative  process  of  component  substitution.  A  circuit 
analysis  engine  was  adapted  to  solve  the  problem. 

IV.  A  SPICE  ANALYSIS 

A  simplified  model  of  the  pulse  system  was  developed 
using  an  Integrated  Circuit  Emulator  (IsSPICE)[2].  The  basic 
SPICE  circuit  is  shown  in  figure  5.  This  simple  circuit  is  a 
distillation  of  the  major  circuit  elements  of  the  pulse  system: 
the  series/parallel  combination  of  the  16  energy  storage 
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capacitors  (Cl),  the  64  SCR  switches  (XI),  the  8  anti- 
reversing  diodes  and  saturating  reactor  switches  (Dl),  the  32 
coaxial  cables  (LOSSYLN,  Tl),  and  the  magnet  load  (LI). 


Figure  3:  Magnetic  field  (upper  trace,  666  gauss/div.)  and 
pulser  output  current  (lower  trace,  500  amps  /div.) 


Figure  4:  Magnet  current  wave  forms  (overlaid)  in  "upstream" 
and  "downstream"  bump  magnets  (100  amps/div.). 


The  lumped  elements  L2  and  R5  represent  the  distributed 
inductance  and  resistance  of  the  SCR  switches.  C2,3  and  R3,4 
represent  the  combined  RC  anti-ringing  snubber  circuits 
employed  in  the  system.  Circuit  elements  that  have 
underlying  complex  sub  circuit  models  include:  LOSSYLN, 
Tl  a  distributed  parameter  lossy  transmission  line  and  voltage 
source  PULSE,  V5  which  contains  a  switch  control  wave 
form  that  mimics  the  delay  and  nonlinear  turn-on 
characteristics  of  the  SCRs  modeled  by  SWITCH,  XL 


The  large  well  defined  circuit  elements  (R2,  Cl,  Dl,  Tl, 
the  snubbers  and  LI)  were  connected  together  adjusted  until 
bulk  characteristics  of  the  simulator  wave  forms  were  in  good 
agreement  with  measured  system  wave  forms.  By  virtue  of 
the  complexity  of  the  distributed  pulse  system  the 
measurement  or  precise  calculation  of  the  parasitic 
components  (esp.  L3  and  R5)  would  be  very  difficult  and 
time  consuming.  As  a  consequence  the  parasitic  components 
(L2,  L3,  R5,  and  V5)  were  added  and  empirically  adjusted  to 
mimic  the  measured  wave  forms  in  Figures  3  and  4.  As 
shown  in  Figure  6  the  resultant  model  generates  source  and 
load  wave  fonns  that  give  reasonably  good  agreement  in 
period,  amplitude  and  general  wave  shape  with  the  measured 
wave  forms.  The  resultant  circuit  model  strongly  suggests  a 
likely  source  of  the  high  frequency  parasitic  oscillations. 

The  ringing  is  initiated  by  the  initial  tum-on  transient 
created  by  unrestrained  inrush  of  current  (high  di/dt)  into  the 
large  shunt  capacitance  presented  by  array  of  low  inductance 
(high  capacitance)  transmission  cables.  The  exponentially 
decaying  oscillations  are  the  result  of  a  parasitic  resonance 
between  the  distributed  parallel  inductance  of  the  SCR  pulse 
units  and  the  cable  shunt  capacitance.  Changing  the  switch 
inductance  (L3)  or  the  number  of  cables  will  dramatically 
alter  the  frequency  and  amplitude  of  these  oscillations. 

A  reasonable  solution  to  the  resonance  problem  is  shown 
in  Figure  7.  The  parasitic  ringing  on  the  pulser  current  (top 
trace)  is  almost  completely  eliminated  and  the  magnet  load 
current  reverse  recovery  amplitude  is  within  the  1% 
specification.  This  effect  was  brought  about  by  halving  the 
number  of  coaxial  cables  from  16  to  32,  thus  lowering  the 
cable  input  capacity  and  replacing  the  RC  snubbers  with 
resistors  thereby  considerable  reducing  the  parasitic  and  bulk 
(undershoot)  resonance  effects.  Further  reducing  the  number 
of  cables  would  decrease  the  ringing  effects  and  the  excessive 
di/dt  but  conversely  increase  the  period  of  the  magnet  current 
pulse  beyond  it’s  specified  requirements.  The  magnitude  of 
the  di/dt  at  the  beginning  of  the  pulse  current  wave  form  was 
moderately  reduced  and  its  duration,  in  excess  of  1500 
amps/us  specification,  was  halved. 


Figure  5:  The  basic  SPICE  circuit  used  in  analysis  of  pulse 
circuit 
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Figure.  6:  SPICE  model  output  wave  forms  before  modi¬ 
fications:  Pulser  output  current  (upper  trace,  1000  amps/div.) 
and  magnet  load  current  (lower  trace,  1000  amps  /div.). 


Figure  8:  Actual  pulse  unit  output  current  (lower  trace  500 
Amps./div). 
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Figure  7:  SPICE  model  output  wave  forms  after  modi¬ 
fications:  Pulser  output  current  (upper  trace,  1000  amps/div.) 
and  magnet  load  current  (lower  trace,  1000  amps  /div.). 


V.  ACTUAL  MODIFICATIONS  AND  RESULTS 

All  the  component  values  suggested  by  the  SPICE 
models  were  applied  to  the  Bump  system.  The  number  of 
coaxial  cables  was  halved  and  the  R-C  snubbers  were 
replaced  by  straight  resistors.  The  resistor  size  was  selected 
by  power  dissipation  calculations  obtained  from  the  SPICE 
runs.  As  a  protective  measure,  the  core  area  of  the  saturating 
magnetic  switches  was  doubled  to  further  protect  the  SCR’s 
from  the  remaining  excessive  di/dt.  The  correlation  between 
the  SPICE  wave  forms  and  the  actual  measured  wave  forms 
in  Figures  8  and  9  is  quite  good. 


Figure  9:  Actual  magnet  load  current  (1000  amps  /div.). 

VI.  CONCLUSION 

A  condensed  and  simplified  SPICE  model  was  been 
created  to  understand  the  mechanism  of  excessive  di/dt,  and 
parasitic  ringing  observed  in  the  current  wave  forms  of  the 
recently  constructed  resonant  discharge  pulse  system  at  the 
ALS.  The  SPICE  model  identified  significant  circuit 
problems  and  the  appropriate  corrections  were  made. 
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EDDY  CURRENTS  INDUCED  IN  A  MUON  STORAGE  RING  VACUUM 
CHAMBER  DUE  TO  A  FAST  KICKER* 

W.Q.  Feng,  Physics  Department,  Nanjing  University,  Nanjing,  China 
E.B.  Forsyth,  AGS  Department,  Brookhaven  National  Laboratory,  Upton,  New  York  11973  USA 


Abstract 

The  goal  of  AGS  E821  is  a  precision  measurement  of  the 
muon  magnetic  moment  (g-2)  value  to  0.35  ppm.  A  problem 
with  muon  injection  is  the  effect  of  the  residual  magnetic  field 
during  the  measurement  period  due  to  the  eddy  currents  in  the 
vacuum  chamber  induced  by  the  kicker  pulse.  The  paper 
presents  a  mainly  analytical  look  at  the  nature  of  the  eddy 
currents  as  an  equivalent  RL  circuit  and  describes  a  method 
to  solve  2D  Maxwell’s  operations  under  pulse  excitation  with 
some  quantitative  estimates  of  the  decay  time  constants. 
Analysis  of  the  results  show  that  the  field  due  to  eddy 
currents  is  dependent  on  the  chamber  dimensions,  type  of 
material,  and  duration  of  pulse  rise,  flattop  and  fall.  The  field 
created  by  the  rising  edge  of  the  waveform  is  largely  cancel¬ 
led  by  the  falling  edge,  providing  the  pulse  is  short  compared 
to  the  diffusion  time  of  the  eddy  current.  The  simulation 
results  agree  with  the  theoretical  analysis  and  confirm  the 
residual  integral  field  at  the  start  of  the  measurement  period 
is  acceptable. 


I.  INTRODUCTION 

A  new’  experiment  is  being  built  at  Brookhaven  National 
Laboratory  to  measure  the  g-2  value  of  the  muon  to  a 
precision  of  0.35:  an  improvement  of  a  factor  of  20  over  the 
best  available  data.  The  ultrahigh  precision  aimed  for  at  BNL 
presents  unusual  challenges  in  physics  and  in  technology. 
Muon  injection  plays  an  important  role  in  achieving  the 
precision  of  0.35  ppm,  because  direct  muon  injection  into  the 
storage  ring  is  more  efficient  in  producing  stored  muons,  and 
the  hadronic  background  associated  with  many  pions  interact¬ 
ing  with  storage  ring  material  is  absent.  Direct  muon  injec¬ 
tion  into  the  storage  ring  is  accomplished  by  giving  the  muon 
beam  a  10  milliradian  kick  at  a  quarter  of  a  betatron  wave¬ 
length  from  the  inflector.  The  disadvantage  of  direct  muon 
injection  is  that  one  has  to  deal  with  the  effect  of  the  residual 
magnetic  field  of  the  fast  kicker  due  to  eddy  currents  in  the 
vacuum  chamber. 

The  method  of  attack  is  to  derive  LR  circuits  for  the  eddy 
currents  and  to  solve  2D  Maxwell’s  equation  with  pulse 
excitation,  thus  obtaining  a  group  of  solutions  of  the  eddy 
current  magnetic  field,  eddy  currents  and  decay  time 

*Work  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 


constants  [1].  Some  computer  simulations  are  given  of  eddy 
currents  induced  by  a  fast  kicker.  The  simulation  results 
agree  with  the  theoretical  analysis  and  confirm  the  residual 
integral  field  at  the  start  of  the  measurement  period  is 
acceptable. 

11.  SOLUTION  OF  THE  DIFFUSION  EQUATION 

In  Fig.  1,  if  1 »  w  and  h  »  d,  then  the  two-dimensional 
kicker  magnetic  field  in  the  chamber  wall,  parallel  to  the  wall 
can  be  considered. 


Fig.  1.  Vacuum  chamber  with  two-plate  kicker. 


In  this  situation,  —  <  aE  and  Maxwell’s  equations  are: 
dt 


dt 


VxH^dE  (la),  (lb) 


where  p  =  is  the  magnetic  permeability,  and  o  is  the 
electrical  conductivity.  Applying  boundary  conditions  we 
obtain  the  diffusion  equations  for  the  special  situation: 

a?  ■  '’“IT’  a  ‘  ‘  ’ 

An  iterative  form  of  solution  has  been  examined  [2], 
assuming  the  fast  kicker  produces  a  exponential  step  pulse. 
In  the  beginning  of  the  iteration,  the  magnetic  field  H^j(t)  is 
uniform  over  the  cross  section  of  the  chamber  wall;  this  field 
is  perturbed  by  the  eddy  currents.  The  decay  times 
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Table  1 

Time  Constant  LJB^ 


Ln 

(t)/R„(t) 

(|iS) 

d  (mm) 

n  =  1 

n  =  2 

n  =  3 

II 

a 

II 

a 

n  =  6 

38.2  (Al) 

3 

10.9 

2.74 

1.22 

0.68 

0.44 

0.11 

38.2  (Al) 

5 

30.4 

7.60 

3.38 

1.90 

1.22 

0.30 

38.2  (Al) 

10 

122 

30.4 

13.5 

7.60 

4.86 

1.22 

1.11  (S.S.) 

3 

0.32 

0.08 

0.035 

0.02 

0.013 

0.0032 

1.11  (S.S.) 

5 

0.88 

0.22 

0.098 

0.055 

0.035 

0.0088 

1.11  (S.S.) 

10 

3.53 

0.88 

0.39 

0.22 

0.14 

0.035 

have  been  calculated,  represent  in  Fig.  2  by  Ljj(t)/R^(t), 
quantitative  results  are  given  in  Table  1. 

Typical  time  constant  for  the  decay  in  aluminum  is  -  500 
ps.  In  practice  the  excitation  waveform  of  the  kicker  has  both 
a  rising  and  falling  edge  with  a  width  that  is  much  less  than 
Lj/Ri.  The  net  effect  due  to  the  difference  between  positive 
and  negative  eddy  currents  will  produce  residual  magnetic 
field  which  could  affect  the  accuracy  in  determining  the 
overall  field  integral  around  the  storage  ring.  Calculation 
shows  the  next  field  decays  much  more  quickly  than  for  a 
unidirectional  pulse  due  to  the  cancellation  effect:  a  short 
pulse  is  required  relative  to  the  diffusion  times.  The  rise  and 
fall  times  can  be  optimized  to  keep  the  eddy  current  field  to 
a  minimum. 


Fig.  2.  Eddy  current  equivalent  circuits. 


m.  COMPUTER  SIMULATION 

The  required  high  precision  implies  the  integrated  residual 
field  should  become  less  than  1  part  in  10^  of  the 

integrated  main  dipole  magnetic  field 


on  the  mid-plane  at  the  start  of  the  measurement  (-  10  ps), 
where  is  the  eddy  current  field,  is  main  dipole  field,  6 
is  the  angle  subtended  to  the  center  of  the  ring,  0j  is  the  angle 
occupied  by  the  fast  kicker,  and  R  is  the  radius  of  the  storage 
ring. 

For  the  magnetic  kicker,  using  an  underdamped  sine 
waveform  the  eddy  current  field/main  field  is  <  lx  10'^  if  tj. 
<100  ns.  The  eddy  current  field  at  beam  centerline  using  the 
program  PE2D  with  a  waveform  assumed  to  have  60  ns  The 
vacuum  chamber  material  is  2020  aluminum.  Table  2  lists  the 

eddy  current  contribution  to  dd  as  a  function  of  time 

Jo  * 

after  injection  for  a  stripline  kicker  (E  &  H  field  deflection). 
The  time  dependent  diffusion  of  eddy  currents  is  clearly  seen: 
there  is  a  rapid  change  immediately  after  the  end  of  the  kicker 
excitation  pulse  which  slows  as  time  increases. 

IV.  CONCLUSIONS 

The  analysis  has  served  to  emphasize  the  following 
important  points: 

(1)  The  field  due  to  eddy  currents  is  dependent  on  the 
chamber  dimensions,  type  of  material  and  times  of  rise,  flat- 
top  and  fall  of  the  excitation  pulse. 

(2)  The  eddy  current  field  has  a  fast  transient  component 
and  a  steady  state  component. 

(3)  The  cancellation  of  the  field  produced  by  the  rising 
edge  of  the  excitation  wave  form  is  largely  produced  by  the 
falling  edge,  providing  the  flat-top  portion  is  brief. 

(4)  Numerical  computations  indicate  the  residual  integral 
field  due  eddy  currents  to  eddy  currents  at  the  start  of  the 
measurement  period  will  be  <  1  part  in  10^  of  the  main 
bending  force  for  a  fast  kicker  with  an  optimized  excitation 
waveform. 
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Table  2 

Ratio  of  Kicker  Field 
Deflection  to  Main  Field  Deflection 


Time, 

Ratio, 

Comments 

ns 

pts  in  10^ 

65 

0.92  X  10^ 

Half  the  total  deflection 
of  11  mrad  comes  from 
the  H  field 

165 

1.3 

End  of  kicker  deflect¬ 
ing  pulse 

1020 

0.43 

- 

5020 

0.18 

- 

20,000 

0.10 

- 
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INTRODUCTION 


30  year  old  equipment,  equipped  with  a  30  year  old  diagnostics 
system,  interlock  system,  and  monitoring  system. 


This  paper  describes  transmitter  systems  upgrade  plans 
for  the  Bates  Linear  Accelerator.  There  are  six  modulator 
systems.  They  are  dual  output  S-band  systems  with  a  peak 
operating  power  of  4.5  MW  and  100  KW  average.  They  are 
floating-deck  hard-tube  modulators  operating  a  parallel  pair  of 
Litton  L-5097  switchtubes  in  series  with  a  Varian  VA-938 
klystron. 


UPGRADE  PHILOSOPHY 

The  major  goal  of  the  modulator  deck  upgrade  is  to 
increase  system  reliability.  System  downtime  needs  to  be 
significantly  reduced  to  improve  the  overall  efficiency  of  beam 
delivery.  This  will  be  accomplished  by  identifying  the  failure 
prone  components  and  circuitry,  and  applying  modem  circuit 
design  methodologies.  This  will  also  permit  the  elimination  of 
outdated  circuit  components  which  are  becoming  increasingly 
harder  to  find.  In  addition,  time  to  repair  must  be  significantly 
reduced  to  minimize  downtime.  This  will  be  accomplished  in  two 
ways.  First,  by  optimizing  ease  of  repair.  Presently,  transmitter 
subsystems  generally  use  bolt-in-place  components,  which  are 
difficult  and  time  consuming  to  replace.  These  will  be  replaced 
by  chassis  with  quick  disconnects  and  plug-in  cards.  Second,  by 
improving  our  capability  to  analyze  quickly  fault  conditions. 
This  will  be  accomplished  by  adding  more  diagnostics,  and  by 
using  technologies  that  were  not  available  for  the  original  design 
[Figs.  3  and  4]. 


PRESENT  OPERATION 


The  present  operation  of  the  modulator  deck  is  as 
follows  [Fig.  3].  A  pulsed  signal  is  sent  to  the  bootstrap  chassis 
via  a  pulsed  thyratron  to  a  photomultiplier  (PM)  tube  on  the 
floating  deck.  The  PM  tube  signal  is  amplified  and  sent  to  the 
bootstrap  chassis,  which  initiates  the  leading  edge  of  the  pulse. 
When  the  pulse  voltage  reaches  a  set  voltage,  the  Regulator 
chassis  begins  operation  to  keep  the  flattop  portion  of  the  pulse 
to  within  0.1%.  At  the  time  of  turn-off,  a  pulse  is  sent  via  a 
separate  thyratron/PM  link  to  the  tailbiter  chassis,  which  initiate 
the  falling  edge  and  returns  the  modulator  to  its  original  state 
[Fig.  1]. 


Fig. 


10.0MS/S  Sample 

[  ^ - 


The  six  transmitters  were  designed  in  the  late  1960’s  and 
were  installed  in  the  early  1970's.  The  basic  transmitter  consists 
of  a  176  KV  power  supply  which  has  its  positive  terminal 
connected  to  ground.  The  power  supply  negative  terminal  B-  is 
connected  directly  to  the  cathode  of  four  switchtubes.  Each 
transmitter  contains  two  klystrons.  Each  klystron’s  collector  is 
connected  to  B+  and  its  cathode  is  connected  to  the  anodes  of  two 
switchtubes.  The  modulating  anodes  of  all  four  switch  tubes 
receive  their  drive  signals  from  a  common  switchtube  driver 
circuit.  The  switch  tube  drive  circuit,  regulator,  and  other 
modulator  circuits  are  mounted  on  a  deck  which  floats  at  high 
voltage.  This  design  has  proven  reliable  and  we  do  not  wish  to 
change  it  The  problem  is  trying  to  maintain  beam  delivery  with 


START  AND  STOP  SIGNALS 

As  mentioned  earlier,  the  start  and  stop  signals  are 
transmitted  to  the  floating  deck  electronics  via  a  pulsed  thyratron. 
The  light  output  of  the  thyratron  is  directed  down  a  Lucite  rod  to 
a  photomultiplier  tube  on  the  floating  electronics.  This  hardware 
will  be  replaced  with  fiber  optics  which  will  eliminate  the  need 
for  high  voltages  for  the  thyratron  and  photomultiplier  tubes.  It 
will  also  eliminate  problems  in  the  alignment  of  the  Lucite  rods 
between  the  tubes,  and  extraneous  signals  being  received  by  the 
photomultpliers. 
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BOOTSTRAP  AND  TAILBITER 

The  subsystems  which  are  responsible  for  the  switching 
of  the  floating  deck,  the  bootstrap  and  tailbiter  chassis,  are  two  of 
the  most  failure  prone  of  the  modulator.  To  replace  one  failed 
unit  requires  a  complete  system  shutdown.  Typical  turn  around 
times  of  such  an  operation  are  in  excess  of  1  1/2  hours. 

By  mounting  the  circuits  on  plug-in  cards,  the  need  for  total 
system  shutdown  and  removal  of  the  modulator  deck  should  be 
eliminated.  A  rapid  replacement  of  the  circuits  by  putting  the 
system  into  standby  mode,  or  by  shutting  off  only  a  few  of  the 
power  supplies,  should  be  possible.  This  would  reduce  the 
turnaround  time  by  at  least  75%.  Card  mounted  circuits  should 
allow  us  to  bench  test  the  operation  of  these  circuits,  obviating  the 
need  to  install  them  into  a  working  spare  deck,  as  is  done  now. 

An  effort  to  include  inherent  circuit  redundancy  is  being 
made.  For  the  critical  trigger  circuits,  we  will  include  a  standby 
parallel  circuit  that  may  be  either  manually  or  automatically 
switched.  This  will  allow  for  effective  repair  of  the  system 
without  the  need  of  shutting  the  system  down  or  spending 
considerable  time  in  removing  the  faulty  circuits.  It  may  also  be 
simple  enough  for  the  operating  staff  to  operate,  so  that  time  is 
not  spent  in  waiting  for  repair  personnel  to  arrive. 


REGULATOR 

The  shunt  regulator  subsystem  of  the  modulator  deck  will 
also  be  updated.  This  subsystem  is  responsible  for  the 
exceptional  pulse  flatness  of  the  modulator.  It  currently  has  a 
vacuum  tube  based  error  amplifier.  This  error  amplifier  is 
somewhat  difficult  to  troubleshoot,  and  balance,  requiring  a  day 
long  service  to  adjust.  When  the  error  amplifier  fails,  its  repair 
time  is  on  the  order  of  a  least  one  day.  In  emergencies  the  entire 
modulator  deck  electronics  package  may  be  replaced.  This 
subsystem  could  be  greatly  simplified  by  using  present  day  high 
voltage  solid  state  methods.  This  will  eliminate  the  long  tuning 
procedure,  and  allow  for  a  rapid  replacement  of  failed  units. 
Such  solid  state  methods  are  already  in  use  in  similar  systems. 
[Ref.  1] 


INTERLOCKS 

The  modulator  deck  interlock  system  will  be  updated. 
In  the  existing  system,  the  presence  of  required  voltages  are 
sensed  through  incandescent  light  falling  on  a  photoresister  in 
series  with  a  sealed  electromechanical  relay.  This  system  allows 
for  wide  variations  in  the  required  voltages,  and  has  become 
difficult  to  maintain  as  original  manufacturers  no  longer  make 
many  of  the  system  elements  ,  such  as  the  electromechanical 
relays.  In  addition,  no  information  from  the  interlock  chain  is 
transmitted  to  the  ground  level  control,  other  than  a  SUM 
indication.  By  using  modem  opto-isolators,  fiber  optics  and  solid 


state  relays,  positive  interlock  window  control  will  be 
implemented.  In  addition,  each  interlock,  or  at  least  subsets,  can 
be  transmitted  via  fiber  optics  to  the  control  system.  This  will 
allow  operators  to  be  provided  with  better  information  on  the 
system  status,  as  well  as  provide  helpful  information  for 
troubleshooting  and  repair. 


SYSTEM  DIAGNOSTICS  AND  MONITORING 

A  major  reason  for  the  lack  of  diagnostic  and  monitoring 
information  designed  into  the  system  was  the  difficulty  of 
bringing  signals  floating  at  high  voltage  to  ground.  Today, 
transmitters  are  designed  using  fiber  optic  technology  to  isolate 
signals  floating  at  high  voltage  from  ground.  Hewlett-Packard 
and  others  have  developed  low  cost,  very  reliable  fiber  optic 
transmitters  and  receivers.  Manufacturer  test  data  indicates  for  12 
lots  of  330  HFBR-2402  fiber  optic  receivers,  tested  for 
2.370,000  hours  at  85  degrees  Celsius,  resulted  in  one  failure. 
[Ref.  2] 

To  better  understand  the  operation  and  failure  modes  of 
the  deck,  new  fiber  optic  technology  will  be  used  to  transmit  the 
modulator  deck  status,  as  well  as  critical  voltage  and  current 
parameters.  This  will  be  implemented  by  using  precision  voltage- 
to-frequency  and  RMS-to-DC  converters  on  the  floating 
electronics,  and  transmitting  via  fiber  optic  to  ground  referenced 
circuitry.  In  this  manner,  critical  voltage  and  current  levels  can 
be  monitored  while  the  modulator  is  in  operation.  Analog  fiber 
optics  will  be  used  to  send  pulsed  signals  from  the  floating 
electronics  to  be  monitored  from  the  ground  level.  This 
technique  has  been  used  successfully  in  other  systems  [Ref.  3]. 
By  adding  this  capability,  it  should  be  possible  to  rapidly  analyze 
faults  in  the  system  [Fig. 2] 


Fig.  2  Use  of  fiber  optics  in  diagnostics  and  monitoring. 
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simplified  modulator  schematic 


Fig.  3 


Simplified  modulator  schematic  showing  upgrades 


Fig.  4 
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Abstract 

The  first  modulator  for  a  forinjector  klystron  of  VEPP  -  5  is  be¬ 
ing  tested  now  in  BINP  in  Novosibirsk.  The  forinjector  of  VEPP 
-  5  will  involve  a  510  MeV  Linac  consisting  of  four  accelerat¬ 
ing  modules.  The  Klystron  5045  manufactured  at  SLAC  [1]  was 
chosen  to  drive  the  accelerating  modules.  This  paper  presents  a 
design  and  some  testing  results  of  this  modulator. 

I.  INTRODUCTION 

The  modulator  is  a  conventional  line  type  modulator  with 
some  supplementary  characteristics.  A  simplified  electrical  lay¬ 
out  of  this  modulator  is  shown  in  Fig.  3.  The  voltage  value  in  a 
filter  Cc^acitor  Cf  is  determined  by  a  phase-control  system  with 
six  SCRs.  The  Cf  charging  current  is  limited  by  three  500;.«H 
inductors  connected  to  the  primary  winding  of  the  rectifier  trans¬ 
former.  In  addition,  this  system  provides  ’’soft-start”  capability 
and  fast  protection.  The  PFN  is  resonantly  charged  through  a 
charging  high-voltage  SCR-switch  (HV-switch),  a  charging  in¬ 
ductor,  and  de-spiking  circuits.  The  resonant  PFN  charge  goes 
only  after  starting  the  HV-switch.  A  de-Qing  system  provides 
precise  setting  of  the  PFN  voltage  by  stopping  the  charge  when  a 
required  voltage  is  reached.  When  the  thyratron  is  fired,  the  PFN 
is  discharged  through  a  coaxial  cable  to  the  klystron  pulse  trans¬ 
former  or  to  the  load  resistor.  The  1:15  pulse  transformer  deliv¬ 
ers  a  350  kV  pulse  to  the  cathode  of  the  klystron.  The  thyratrons 
TGI-2500/50  are  used  in  the  modulator.  Output  pulse  waveform 
at  the  Klystron  5045  shown  in  Fig.  1  was  obtained  in  the  process 
of  modulator  adjustment. 


0  t,mks  12 

Figure  1.  Output  pulse  waveform 

The  position  of  the  main  modulator  components  and  the 
Klystron  5045  is  shown  in  Fig.  4.  The  main  elements  shown  in 
Fig.  3  are  installed  in  a  common  cabinet.  The  control  and  mea¬ 
surement  elements,  low-power  supply  sources,  and  the  CAMAC 


-  facility  are  placed  in  two  racks  in  front  of  the  cabinet.  The  cabi¬ 
net  with  a  line-operated  facilily  is  also  placed  in  front  of  the  main 
cabinet  between  the  two  racks.  To  make  the  service  convenient, 
the  racks  can  be  rotated  as  shown  in  Fig.4.  The  photo  in  Fig.  5 
shows  a  view  of  the  modulator. 

The  main  characteristics  are  presented  in  Table  1 . 


Table  1.  Modulator  specification 


Parameter 

Required 

Tested 

Peak  output  power 

150MW 

150MW 

Peak  output  voltage 

23.5kV 

5to22.5kV 

Pulse  width 

5//S 

5/iS 

Rat-top  width 
(tol.±0.5%) 

4muS 

3.5/iS 

Repetition  rate 

50pps 

0  to  50pps 

Peak  klystron  voltage 

350kV 

360kV 

Peak  RF  power 

67MW 

60MW 

A.  Rectifier  assembly 

The  rectifier  assembly  designed  earlier  [2]  consists  of  18  1.5 
kV  sections  connected  in  series  and  placed  on  the  common  core. 
Each  section  is  protected  with  fuses;  that’s  why  if  one  or  two  of 
them  would  fail,  it  would  not  be  necessary  to  take  off  and  repair 
the  whole  rectifier. 

11.  High  voltage  switch 

A  high-voltage  charging  commutator  consisting  of  64  thyris¬ 
tors  connected  in  series  makes  possible  to  charge  the  PFN  imme¬ 
diately  before  pulse  generating.  In  addition,  such  commutator  is 
a  convenient  and  reliable  protection  element.  It  allows  us  also  to 
change  the  repetition  rate  0  to  50  pps.  To  turn  on  simultaneously 
64  thyristors,  the  circuit  shown  in  Fig.2  is  used. 


+700V  20k  0.l4mkF 


Figure  2.  Control  HV-SCR  circuit 

The  capacitor  and  thyristor  form  a  2  //S  leading  edge  of  the 
HV-switch  control  pulse,  then  a  1  mS  flat-top  is  formed  by  the 
transistor  switching-on.  The  control  pulse  current  is  more  than 
0.1  A.  To  suppress  unwanted  oscillation  of  the  charging  circuit, 
the  special  measures  are  undertaken.  After  the  charging  current 
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has  stopped,  the  de-Qing  thyristor  is  kept  in  the  ON-state  till  the 
oscillation  caused  by  the  thyratron  switching  dies  down. 

III.  Pulse  Forming  Network 

The  modulator  comprises  two  PFNs  in  parallel.  Each  of  them 
consists  of  13  sections  with  a  fixed  capacitor  and  a  tunable  in¬ 
ductor.  It  is  placed  in  an  oil-filled  tank.  The  total  characteristic 
impedance  of  each  PEN  is  8Q.  The  inductors  may  be  regulated 
from  the  outside  of  the  tank. 

IV.  EOLC  system 

EOLC  system  comprising  a  diode  and  a  resistor  is  used  to  re¬ 
move  the  excessive  negative  voltage  swing  and  to  protect  the 
klystron  in  the  case  of  a  break-down.  The  EOLC  diode  is  com¬ 
posed  of  60  rectifiering  elements  connected  is  series  and  alter¬ 
nating  with  washers  used  as  radiators  with  forced  air  cooling.  A 
small  size  of  diode  assembly  (total  length  is  370  mm)  provides 
low  inductance  of  EOLC. 

V.  Dummy  load 

The  dummy  load  with  the  characteristic  impedance  4Q  is  de¬ 
signed  and  installed  to  test  the  modulator  without  the  klystron  in 
a  required  range  of  output  power.  The  dummy  load  is  composed 
of  8  high-voltage  resistors  S5  -  41  connected  in  parallel.  The 
introduction  of  water  cooling  allows  us  to  raise  the  dissipated 
power  of  the  load  from  4  kW  to  40  kW. 

VI.  Conclusion 

Since  the  modulator  is  rigged  with  computer  control  and  mea¬ 
surement,  the  protection  system,  the  dummy  load,  and  with  a 
wide  range  of  working  voltage  and  repetition  rate,  it  is  possible 
to  use  it  as  the  stand  for  testing  and  studying  of  both  the  modu¬ 
lator  components  and  klystrons. 
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High  Voltage  Nanosecond  Generators  For  SIBERIA-2 


A.  Kadnikov,  Kurchatov  Institute,  123182  Moscow,  Russia 

V.  Deviatilov,  V.  Korchuganov,  Yu.  Matveev  and  D.  Shvedov,  Budker  Institute  of  Nuclear  Physics, 

630090  Novosibirsk,  Russia 


A  single  tem  injection  scheme  with  two  kickers  and 
one  septum  is  used  for  injection  into  booster  (SIBERIA-1 
storage  ring)  and  into  main  ring  (SIBERIA-2)  One  kicker  and 
one  septum  are  used  for  extraction  from  SIBERIA-1  into 
transport  line  to  main  ring.  The  fast  kickers  generate 
electromagnetic  pulses  with  rise  and  down  time  of  3  ns  and 
flat  top  of  15  ns  duration.  The  high  voltage  pulse  generators 
with  double  coaxial  forming  lines  and  three  electrode 
nitrogen  filled  spark  gaps  are  intended  for  linac  electron  gun 
and  fast  kickers  supply.  The  output  pulses  are  up  to  60  kV  in 
amplitude.  A  root-mean-square  time  spread  of  the  moments 
when  the  signal  comes  to  the  kicker  plates  is  0.7-0.8  ns.  The 
experimental  results  of  operation  of  the  generators  obtained 
while  commissioning  SIBERIA-2  are  presented. 

1.  INTRODUCTION 

The  injection  part  of  the  SIBERIA-2  consists  of  80 
MeV  electron  linear  accelerator,  a  450  MeV  booster  storage 
ring  SIBERIA-1  and  two  electron  transfer  lines  -  TL-1  and 
TL-2[1].  The  single  turn  injection  scheme  uses  fast  kickers 
for  injection  into  booster  and  from  booster  to  main  ring  [2]. 
In  November  -  December  of  1992  the  linac  and  SIBERIA-1 
were  commissioned  and  now  the  work  is  continued  with  the 
450  MeV  electron  in  SIBERIA- 1.  SIBERIA- 1  operates  in 
single  bunch  mode  and  the  stored  current  is  supposed  to  be 
100  mA.  The  450  MeV  beam  has  the  energy  spread  Gg/E  = 
3.9  X  10"^,  the  bunch  length  is  Gg  =  30  cm  and  its  horizontal 


emittance  is  £  =  8.6  x  10"^  cm-rad.  In  July  1994  the  450 
MeV  electron  bunch  was  extracted  from  SIBERIA- 1  and 
conducted  through  transfer  line  TL-2.  In  December  1994 
SIBERIA-2  were  commissioned  and  we  have  got  first  turn  of 
electron  beam.  February  1995  -  ther  were  about  one  thousand 
turns.  And  on  April  17  there  was  first  beam  in  storage  ring 
with  life  time  about  2  hours. 

The  injection  scheme  requires  pulses  for  kickers  with  7 
-  60  kV  amplitude  (Table  1).  For  efficiency  of  injection  a 
time  stability  about  1-2  ns  of  the  moment  when  the  pulse 
comes  to  the  kicker  is  needed  . 

11.  HIGH  VOLTAGE  NANOSECOND 
GENERATORS 

The  kickers  are  fed  by  the  bipolar  high  voltage 
nanosecond  generators  and  operate  in  a  traveling  wave  mode. 
Figure  1  presents  a  scheme  of  the  bipolar  generator.  The 
generator  operates  on  the  basis  of  the  fast  discharge  of  double 
forming  lines  which  are  connected  to  the  kicker  plates  by 
SFg  filled  coaxial  cables.  The  discharge  is  realized  by 
gaseous  spark  gap  (the  so-called  3-electrode  discharger).  The 
discharge  is  initiated  by  a  thyratron  connected  to  the  central 
electrodes  of  the  dischargers.  The  discharge  moment  is  tuned 
by  varying  the  pressure  (5-17  atmospheres)  of  nitrogen 
inside  discharger.  The  pulse  duration  is  equal  to  double 
propagation  time  of  electromagnetic  wave  traveling  along  the 
forming  line. 


Table  1 

Parameters  of  the  kickers  and  the  generators 


Device 

Forming  line 
voltage,  kV 

Gap  width, 
mm 

Kicker  plates 
voltage,  kV 

Rms  time 
spread,  ns 

Notes 

Linac  electron  gun 

53 

0.6  1.2 

-40 

Operates  since  June  2,  1992, 

6.5  million  pulses 

SIBERIA- 1  kicker 

37 

0.4  0.8 

±6 

Attenuation  6x 

SIBERIA-I 

prekicker 

31 

0.31  0.62 

+4.6 

0.7  -  1.2 

Attenuation  6x,  monopolar 

SIBERIA-I 
extraction  kicker 

38 

0.42  0.85 

±31 

0.6  0.8 

SIBERIA-2 

prekicker 

52 

0.6  1.2 

±45 

?? 

Commissioning  and  first  testing 

SIBERIA-2  kicker 

52 

0.6  1.2 

±45 

0.5  -  0.9 
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Figure  1 :  The  simplified  scheme  of  high  voltage 
generator. 
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Figure  2:  Oscillogram  of  output  impulse  60  kV  in  amplitude. 


In  the  case  of  high  amplitude  nanosecond  pulse,  the 
double  forming  line  has  a  following  advantages  in 
comparison  with  the  single  forming  line:  it  enables  one  to 
reduce  twice  the  charging  voltage  and  to  simplify  the  scheme 
of  the  generator,  because  this  makes  it  possible  to  give  up 
invertors  for  producing  pulses  of  opposite  polarities.  Polarity 
of  output  pulse  depends  on  how  gaps  are  connected  up 
between  forming  lines. 

The  dischager’s  electrodes  are  made  of  duralumin, 
because  this  material  provides  appropriate  training  time  of 
electrodes. 

A  pulsed  hydrogen  thyratron  is  used  to  start  up  spark 
gaps.  All  elements  of  generator,  transport  lines  and  kickers 
have  wave  impedance  50  Ohm.  A  pulsed  transformer  with 
epoxy  isolation  and  transformation  coefficient  about  100 
charges  forming  lines.  Start  up  circuit  is  charged  to  one  third 
of  charging  voltage  due  to  capacity  divider. 

A  low  voltage  (800  V)  pulsed  generator  feeds  a 
primary  winding  of  the  transformer.  SF^  gas  fills  cables  and 
cable  lead-ins  at  a  pressure  5  atmospheres  to  increase 
electrical  strength. 

Resistance's  and  capacity’s  dividers  (not  shown  in 
Figure  1)  allow  us  measure  voltage  and  monitor  shape  of 
pulses. 

A  control  system  uses  electronics  in  CAMAC 
standard:  microcomputer,  ADC  unit,  etc.  For  time 
measurements  we  use  time-digit  converter  unit  with  0.6  ns 
per  bit  resolution.  Software  can  measure  average  time  delay, 
root-mean- square  spread  and  changes  of  these  values  during 
long  time. 

III.  EXPERIMENTAL  RESULTS 

An  oscillogram  of  output  positive  pulse  with 
amplitude  60  kV  is  shown  in  Figure  2.  The  spark  gaps 
provide  enough  fast  rise  and  down  time  of  pulse.  The  rise 
time  is  about  3  ns,  pulse's  flat  top  is  13  ns,  and  down  time  is 
5  ns. 

A  negative  impulse  has  roughly  the  same 

characteristics.  We  have  got  0.7-0.8  ns  root-mean-square 


time  spread  of  the  moment  when  the  pulse  comes  to  kicker 
plates  after  careful  installation,  tuning  and  100,000  pulses 
training  of  the  spark  gaps.  This  is  right  when  charging 
voltage  is  between  20  and  60  kV  and  spark  gap  width  is  in 
range  0.4  -  1.2  mm.  In  the  case  of  lower  voltages  (for  kicker 
and  prekicker  of  SIBERIA- 1)  we  should  use  50  Ohm 
attenuators  at  the  entrance  of  the  forming  lines.  The  results  of 
examining  of  time  stability  of  the  generator  during  working 
shift  are  shown  in  figures  3, 4. 
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Figure  3:  Rms  time  spread  of  the  moment  when  pulse 
comes  to  kicker  plates  during  working  shift. 

A  stable  thyratron  operation  needs  stabilization  of 
filament  voltage  not  worse  then  0.05%  (  decrease  of  1% 
gives  about  50  ns  increase  of  output  time). 

With  long  operation  time,  erosion  of  electrodes  occurs 
that  leads  to  increase  of  gaps.  First  it  results  in  increase  time 
of  gaps  and  then  leads  to  decrease  of  operation's  stability  of 
generator.  Figure  5  shows  increasing  of  time  delay  of  spark 
gaps  due  to  wear  and  tear  of  electrodes. 

Figure  6  shows  the  range  of  charging  voltage  with 
stable  operation  of  extraction  kicker  generator.  We  use 
pressure  of  nitrogen  in  dischargers  to  obtain  suitable  time 
spread  (rms  not  more  than  1.5  ns)  and  number  of  electrical 
breakdowns  in  spark  gaps  (not  more  than  1%). 
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Figure  4:  Changes  of  time  when  the  pulse  comes  to 
kicker  plates  during  working  shift. 


P,  ctm 

Figure  6:  The  range  of  the  stable  operation  of  the  generator 
for  extraction  kicker  of  SIBERIA- 1. 


Number  of  pulses 


generator  for  linac  electron  gun  operates  during  250  working 
shifts  (about  6,5  million  pulses)  without  any  repair. 

The  obtained  results  let  us  make  a  conclusion  that 
these  high  voltage  generators  suit  for  reliable  pulsed  power 
supply  of  injection  system  for  SIBERIA-2  storage  ring. 

For  more  detailed  information  on  the  subject,  please 
contact  us  by  the  addresses  given  under  the  headline,  or  use 
e-mail:  kadnikov@ksrs.msk.su. 
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HIGH  GRADIENT  INSULATOR  TECHNOLOGY  FOR  THE  DIELECTRIC  WALL 
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Insulators  composed  of  finely  spaced  alternating  layers 
of  dielectric  and  metal  are  thought  to  minimize  secondary 
emission  avalanche  (SEA)  growth.  Most  data  to  date  was 
taken  with  small  samples  (order  10  cm^  area)  in  the  absence 
of  an  ion  or  electron  beam.  We  have  begun  long  pulse  (>1 
|i,s)  high  voltage  testing  of  small  hard  seal  samples.  Further, 
we  have  performed  short  pulse  (20  ns)  high  voltage  testing  of 
moderate  scale  bonded  samples  (order  100  cm^  area)  in  the 
presence  of  a  1  kA  electron  beam.  Results  thus  far  indicate  a 
1.0  to  4.0  increase  in  the  breakdown  electric  field  stress  is 
possible  with  this  technology. 


Figure  1.  Dielectric  Wall  Accelerator  (DWA). 


L  INTRODUCTION 

The  dielectric  wall  accelerator  (DWA)  is  a  new  accelera¬ 
tor  concept  particularly  suited  for  short  pulse  (<50  ns)  and 
high  currents  (>1  kA).  As  we  previously  presented,  the 
pulsed  acceleration  field  is  developed  by  a  series  of  asymmet¬ 
ric  Blumleins  (i.e.,  pulse  forming  lines)  incorporated  into  the 
insulator  stracture  (Fig.  1)  [1,2]. 

The  maximum  gradient  of  this  accelerator  is  defined  by 
the  dielectric  strength  of  the  wall  dielectrics  and  the  maxi¬ 
mum  surface  flashover  electric  field  capability  of  the  interior 
vacuum  interface  in  the  acceleration  region.  Solid  insulator 
materials  can  typically  meet  the  20-30  MV/m  requirement; 
the  interface  at  the  vacuum  wall  typically  cannot. 

High  electric  fields  are  possible  with  properly  angled  in¬ 
sulators.  These  insulators,  however,  are  generally  unipolar 
and  are  not  optimum  in  the  simplest  configuration  of  the 
DWA  (i.e.,  Fig.  1,  where  the  electric  field  in  the  dielectric  is 
always  applied  to  the  insulators).  Thus  we  select  a  straight 
wall  insulator  as  optimum. 


♦Performed  under  the  auspices  of  the  US  Department  of  En¬ 
ergy  by  Lawrence  Livermore  National  Laboratory  under  con¬ 
tract  No.  W-7405-Eng-48. 

a) Consultant. 

b) Present  affiliation:  Voss  Scientific,  416  Washington  Street 
SE,  Albuquerque,  NM  87108. 


Typical  data  for  conventional  straight  wall  vacuum  insu¬ 
lators  is  shown  in  Figure  2.  It  is  clear  from  this  data,  that  to 
achieve  the  necessary  gradients,  alternate  technologies  should 
be  investigated. 

Improvements  to  existing  technology  can  be  made  based 
on  an  understanding  of  the  failure  process.  The  most  simpli¬ 
fied  vacuum  surface  breakdown  model  suggests  that  electrons 
originating  from  the  cathode-insulator  junction  are  responsi¬ 
ble  for  initiating  the  failure  [3].  When  these  electrons  are 
intercepted  by  the  insulator  surface,  additional  electrons, 
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Figure  2.  Breakdown  thresholds  for  0°  vacuum  insulators. 
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based  on  the  secondary  emission  coefficient,  are  liberated. 
This  effect  leaves  a  net  positive  charge  on  the  insulator  sur¬ 
face,  attracting  more  electrons  and  leading  to  escalation  of 
the  effect  or  the  so-called  secondary  emission  avalanche 
breakdown  (SEA). 

It  has  been  shown  that  full  evolution  of  the  streamer  dis¬ 
charge  occurs  within  a  fraction  of  a  millimeter  [4].  Placing 
slightly  protruding  metallic  structures  spaced  at  an  equivalent 
interval  is  believed  to  interrupt  the  SEA  process  and  allow 
the  insulator  to  achieve  higher  gradients  before  failure  [5,6], 
This  is  the  high  gradient  insulator  concept  being  developed. 
When  the  DWA  is  combined  with  this  high  gradient  vacuum 
insulator  technology,  short-pulse-high-gradients  of  greater 
than  20-30  MV/m  may  be  possible. 

IL  APPARATUS 

Several  small  sample  (approximately  2.5  cm  diameter  by 
0.5  cm  thick)  insulators  were  fabricated.  The  first  was  fabri¬ 
cated  from  interleaved  layers  of  0.064  mm  stainless  steel  and 
0.127  mm  polycarbonate  film.  Two  other  small  hard  seal 
samples  were  fabricated  from  alumina  and  fused  silica.  The 
alumina  sample  was  fabricated  with  0.28  mm  thick  material 
and  the  fused  silica  sample  was  fabricated  with  0.25  mm 
thick  material.  The  interleaved  metallic  layers  were  formed 
by  depositing  gold  on  each  planar  insulator  surface  by  a  sput¬ 
tering  technique  and  then  bonding  the  stacked  layers  by 
heating  while  applying  pressure.  Concentricity  was  ensured 
by  performing  a  finish  grinding  operation. 

Small  sample  testing  was  performed  in  a  turbo-molecular 
pumped,  stainless-steel  chamber  at  approximately  10'^  T. 
High  voltage  was  developed  with  a  10  J  "mini-Marx".  The 
Marx  developed  a  pulsed  voltage  of  approximately  1.3  |is, 
FWHM  (3  ^s,  base-to-base)  and  up  to  250  kV  amplitude 
across  the  sample.  Failure  of  the  insulator  was  determined  by 
a  prompt  increase  in  Marx  current  and  a  corresponding 
prompt  collapse  in  the  voltage  across  the  sample. 

Dimensions  of  the  larger  high  gradient  insulator  were 
14.5  cm  I.D.  by  22.1  cm  O.D.  by  2  cm  length.  The  structure 
consisted  of  multiple  kapton  sheets  layered  and  thermally 
bonded  to  form  a  single  45°  stepped  conic  section  on  the  inte¬ 
rior  of  the  stack  between  each  stainless  steel  grading  ring. 
Spacing  between  each  grading  ring  was  1-2  mm.  Supporting 
stainless  steel  flanges,  bonded  to  each  end  of  the  insulator 
structure,  provided  mechanical  attachment  to  the  remaining 
structure. 

Testing  the  larger,  high  gradient  insulator  structure  in 
the  presence  of  an  electron  beam  was  performed  with  a  1 
MV,  20  ns,  oil  insulated  Blumlein  pulse  generator.  A  2  cm 


diameter  velvet  emitter,  bonded  to  an  aluminum  cathode  sup¬ 
port  plate,  was  used  to  generate  the  electron  beam.  Unwanted 
emission  in  the  area  immediately  next  to  the  emitter  was  sup¬ 
pressed  by  applying  a  hard  anodized  coating. 

Transport  between  the  emitter  and  graphite  collector  was 
done  by  placing  highly  transparent  (96%)  tungsten  meshes  in 
the  beamline.  These  meshes  locally  short  out  the  radial  com¬ 
ponent  of  the  electric  field.  Convergence  then  results  from 
the  self-magnetic  field  of  the  beam.  Optimized  placement  of 
the  meshes  was  determined  using  GYMNOS  [7]  and  full 
transport  required  three  meshes;  one  at  the  anode  plane  and 
two  spaced  at  12  cm  and  21  cm  from  the  cathode. 

IL  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Small  sample  high  voltage  testing  results  are  tabulated  in 
Table  I.  To  obtain  a  particular  data  set,  the  insulators  were 
subjected  to  several  low  voltage  conditioning  pulses.  The 
voltage  was  then  increased  a  small  amount  incrementally  un¬ 
til  breakdown  occurred.  Voltage  was  then  reduced  for  several 
shots  and  then  incrementally  increased  again  until  a  consis¬ 
tent  value  resulted. 

From  this  method,  we  measured  an  ultimate  flashover 
strength  for  the  small  samples  of  approximately  125  kV/cm 
for  the  alumina  substrate,  175  kV/cm  for  the  fused  silica  sub¬ 
strate  and  200  kV/cm  for  the  polycarbonate  substrate  for  a 


Table  I.  Small  sample  tests  results 


SUBSTRATE 

BREAKDOWN  FIELD 

Polycarbonate 

200  kV/cm 

Fused  Silica 

I75“> 

Alumina 

125 

a)  Type  III  anodized  coating  on  electrodes 

pulse  width  of  1.3  \xs,  FWHM.  The  trend  in  conventional 
technology  (Fig.  2)  for  0°  insulators  indicates  a  breakdown 
threshold  of  approximately  50  kV/cm.  Thus,  there  was  a  net 
increase  in  the  performance  with  these  insulators  over  con¬ 
ventional  technology  of  2.5,  3.5,  and  4.0,  respectively. 

A  similar  scenario  was  used  to  determine  the  flashover 
strength  of  the  larger  high  gradient  insulator  with  and  with¬ 
out  an  electron  emitter  installed.  A  total  of  125  pulses  at 
different  voltages  without  the  emitter  installed  were  taken;  35 
additional  shots  with  the  2  cm  diameter  velvet  emitter  in 
place  were  also  taken.  These  two  tests  were  performed  to  de- 
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termine  the  effects  of  an  emitter  and  electron  beam  in  the 
vicinity  of  the  insulator. 

A  slightly  different  manifestation  of  failure  was  observed 
in  these  tests  (Fig.  3).  For  fields  above  190  kV/cm,  we  ob¬ 
served  an  increased  collector  current  up  to  about  210  kV/cm 
when  we  observed  late-time,  fast  transient  currents  and  a  de¬ 
creased  voltage  pulse.  The  normal  signature  of  an  insulator 
failure,  i.e.,  prompt  and  complete  collapse  of  the  voltage,  was 
not  observed  until  about  250  kV/cm.  These  observations  lead 
us  to  believe  that  the  primary  failure  mechanism  was  result¬ 
ing  from  strong  explosive  emission  occurring  in  the  vacuum 

gap. 

Further  manifestations  of  this  effect  is  shown  in  Figure 
4.  Below  about  210  kV/cm,  we  observed  currents  consistent 
with  the  GYMNOS  predictions.  Above  an  electric  field  of 
210  kV/cm,  we  began  to  observe  a  strong  trend  away  from 
this  predicted  current;  1.6  kA  compared  with  the  predicted 
1.1  kA  at  250  kV/cm.  We  observed  this  ultimate  threshold 


2cmA*Kgap 

No  breakdovm  Pra  braakdonn  Br«akdotvn 


_l  l  1  1  1  1  1  1  l_ 

_l  1  1  1  1  11  1  l_ 

_i  1  1  1  1  1  1  r  r 

~i  1  1  1  1  1  1  I  r 

~M  1  1  1  1 1 1  r 

“1  1  1  1  1  1  1  1  r 

— ►!  — 10  no 

_M  M  M  1 

M  M  1  i  1  M 

1  1  1  1  M  1  1  1 

~l  1  1  1  1  1  1  1 

k- 

0  na 

fvn 

1 1  M  1 1 1 1  r 

¥  \ 

1  t  1  1  1  1  1  1  i 

Figure  3.  Typical  pre-breakdown  and  closure  pulses 


Figure  4.  Comparison  of  predicted  and  measured  currents. 


to  be  consistent  with  breakdown  data  taken  in  the  absence  of 
an  electron  beam. 

Further  physical  evidence  of  this  failure  mode  was  ob¬ 
served  upon  opening  the  structure;  we  observed  explosive 
emission  sites,  i.e.  pitting  on  the  stainless  steel  cathode  struc¬ 
ture  supporting  the  insulator. 

Further  testing  of  this  structure  is  planned.  In  these  up¬ 
coming  experiments,  we  intend  to  test  the  effects  of  explosive 
emission  suppression  coatings  on  the  entire  cathode  electrode 
surface  and  the  metallic  gradient  rings  within  the  high  gradi¬ 
ent  insulator. 


IV.  SUMMARY 

We  began  testing  a  new  high  gradient  insulator  technol¬ 
ogy.  The  insulator  consists  of  finely  spaced  metal  electrodes 
interleaved  with  the  insulator  substrate.  The  spacing  of  these 
metal  electrodes  is  on  the  order  of  a  streamer  formation  dis¬ 
tance.  For  small  samples,  we  observed  significant 
improvement  over  conventional  0°  insulators  subjected  to 
long  pulse  fields.  For  moderate  size  insulators  in  the  pres¬ 
ence  of  an  electron  beam,  we  observed  slightly  reduced 
improvement  but  begin  to  observe  the  effects  of  explosive 
emission  from  the  cathode  surface. 
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In  the  present  paper  we  report  on  status  of  the  project  of 
SILUND-21  LIA  which  is  under  development  at  JINR  [1]. 
SILUND-21  will  provide  electron  beams  with  the  energy  up  to 
10  MeV,  peak  current  1  kA  and  pulse  duration  50  -  70  ns. 
SILUND-21  will  serve  as  a  base  of  experimental  facility  to  study 
microwave  electronics,  FEL  technique  and  two-beam  accelera¬ 
tion.  It  is  assumed  also  to  perform  experiments  to  adopt  the  FEL 
bunching  technique  for  generation  of  the  CLIC  driving  beam. 


1.  Introduction 

The  SILUND-21  linear  induction  accelerator  will  serve  as  a 
base  of  experimental  facility  to  study  microwave  electronics ,  FEL 
technique  and  two-beam  acceleration.  We  plan  also  to  perform 
experiments  to  adopt  the  FEL  bunching  technique  for  generation 
of  the  CLIC  driving  beam  [2].  In  this  case  the  driving  beam  is 
produced  in  an  FEL  amplifier  constructed  on  the  base  of  linear 
induction  accelerator  (LIA).  One  of  the  main  problems  to  realize 
such  a  way  of  the  CLIC  driving  beam  generation  is  that  of  LIA. 
To  achieve  the  required  parameters,  LIA  should  provide  electron 
beam  with  the  energy  about  of  10  MeV  and  peak  current  about  of 
1  ~  2  kA  at  a  high  repetition  rate.  We  plan  also  to  study  the  prob¬ 
lems  of  the  beam  bunching  preservation  at  further  acceleration 
of  the  driving  beam. 

Linear  induction  accelerator  SILUND-21  is  constructed  using 
the  equipment  of  LUEK-20  accelerator  developed  for  experi¬ 
mental  investigations  of  the  collective  method  of  acceleration 
[3].  It  is  assumed  to  upgrade  the  main  pieces  of  the  LUEK-20 
equipment  using  the  experience  of  construction  and  operation  of 
SILUND,  SILUND-II,  SILUND-20  and  LUEK-20  linear  induc¬ 
tion  accelerators  developed  at  JINR  [3]  -  [7]. 


Figure.  1.  Accelerating  module.  Here:  (1)- induction  section; 
(2)  -  modulator;  (3)  -  sputter-ion  pump. 


IL  Accelerator  design 

A.  Accelerating  modules 

SILUND-21  accelerator  consists  of  seven  accelerating  mod¬ 
ules.  Each  module  provides  1 .5  MV  accelerating  voltage  at  1  kA 
beam  load.  The  general  layout  of  the  accelerating  module  is  pre¬ 
sented  in  Fig.l.  Induction  section  (1)  consists  of  36  permalloy 
cores.  The  core  exciting  windings  are  commutated  in  parallel  and 
the  input  impedance  of  the  section  is  equal  to  0.5  Q  at  nominal 
beam  load.  Pulses  of  accelerating  voltage  with  42  kV  amplitude 
and  50  -  70  ns  duration  are  formed  by  modulator  (2)  with  0.5  Q 
internal  resistance.  TGI  1-2500/50  hydrogen  thyratron  (2500  A, 
50  kV),  which  is  used  as  a  commutator,  does  not  provide  com¬ 
mutation  of  the  required  level  of  the  peak  power,  so  nonlinear 
power  compression  schemes  are  used  to  increase  the  peak  power. 

The  modulator  scheme  (see  Fig.2)  is  based  on  the  application 
of  the  nonlinear  power  compression  technique.  Its  key  element 
is  nonlinear  double  forming  line  (NDFL)  which  consists  of  18 
double  forming  lines  evenly  spaced  along  the  accelerating  mod¬ 
ule.  Hydrogen  thyratron  T  operates  in  a  pulsed  mode  with  3  /iS 
pulse  duration  andprovides  the  following  parameters:  f/  =  30kV 
and  7  =  10  kA.  Permalloy  reactor  L  and  transformer  T r  fulfil  the 
roles  of  ferromagnetic  switches.  Transformer  Tr  is  composed  of 
three  transformers  with  the  transfer  factor  equal  to  2/3  which  are 
placed  along  the  accelerating  module.  NDR^  is  charged  within 
the  time  period  1  fis  and  then  produces  high-voltage  pulse  (U  = 
42  kV,  /  =  84  kA,  pulse  duration  50  -  70  ns,  rise  time  about  of 
5  ns). 

The  voltage  of  six  inductors  (4),  commutated  in  a  consecutive 
order,  is  fed  to  the  accelerating  gap  (2)  which  is  formed  by  cone 
diaphragm  (1)  (see  Fig.3).  The  amplitude  of  accelerating  voltage 
at  each  of  six  accelerating  gaps  of  the  accelerating  section  is  equal 
to  250  kV. 

Focusing  of  the  electron  beam  is  provided  by  guiding  field  of 
solenoid.  The  solenoid  winding  is  sectional  and  the  number  of  the 
sections  is  equal  to  the  number  of  permalloy  cores.  Parameters 


Figure.  2.  Modulator  scheme.  Here:  T  -  hydrogen  thyratron; 
L  -  permalloy  reactor;  Tr  -  permalloy  transformer;  nonlinear 
double  forming  line. 
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Figure.  4.  Injection  section.  Here:  (1)  -  graphite  cathode;  (2)  - 
gridded  anode;  (3)  -  magnetic  lens;  (4)  -  ceramic  tube. 

Figure.  3.  Accelerating  section.  Here:  (1)  -  diaphragm;  (2)  - 

accelerating  gap;  (3)  -  magnetic  lens;  (4)  -  Rogowsky  coil;  (5)  perform  measurement  of  the  electron  beam  parameters  at  the  exit 
-  beam  position  monitor.  of  the  second  accelerating  module. 


of  the  solenoid  power  supply,  developed  for  accelerator  LUEK- 
20,  allow  one  to  provide  the  guiding  magnetic  field  with  the 
amplitude  up  to  1.4  T  and  pulse  duration  about  of  0.8  ms. 

B.  Injection  module 

The  first  accelerating  module  differs  from  all  the  other  mod¬ 
ules  and  is  combined  with  the  electron  source.  Accelerating 
voltage  of  the  electron  source  is  equal  to  500  kV  -  1/3  of  the  to¬ 
tal  accelerating  voltage  of  the  module  (see  Fig.4)  The  choice  of 
he  electron  source  type  depends  on  the  mode  of  the  accelerator 
operation.  Our  experience  of  work  at  the  present  accelerators 
has  shown  that  at  a  low  repetition  rate  (about  of  several  cycles 
per  second)  it  is  more  preferable  to  use  the  electron  gun  with 
graphite  cathode  (1)  and  gridded  anode  (2)  [8](see  Fig.4a).  The 
value  of  magnetic  field  at  the  cathode  is  controlled  by  magnetic 
lens  (3)  to  minimize  the  value  of  the  electron  beam  emittance.  At 
a  high  repetition  rate  (about  of  50  cycles  per  second),  we  assume 
to  use  a  plasma  electron  source  without  anode  grid  (see  Fig.4b) 
[9],  [?].  Ceramic  tube  (4)  is  destined  to  inject  the  plasma  into 
the  diode  gap. 

The  both  types  of  electron  sources  have  demonstrated  a  high 
level  of  reliability  and  good  output  parameters  during  their  oper¬ 
ation  at  the  accelerators  SILUND,  SILUND-II  and  SILUND-20. 

III.  Electron  beam  parameters 

SILUND-21  will  provide  the  electron  beam  with  the  fol¬ 
lowing  parameters:  energy  about  of  10  MeV,  peak  current  ~  1 
kA  and  pulse  duration  ^  50-70  ns.  Instant  energy  spread  of 
electrons  in  the  beam  will  be  about  of  a  fraction  of  per  cent  and 
the  energy  spread  averaged  over  pulse  duration  will  be  ~  2  - 
3  %,  At  the  accelerator  exit  we  expect  to  obtain  the  values  of  the 
normalized  emittance  to  be  equal  to  0.47r  cm-rad,  0.157rcm-rad 
and  0.1  TT  cm-rad  at  90  %,  70  %  and  50  %  of  the  nominal  value 
of  the  beam  current. 
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IV.  Present  status 

Three  of  the  total  number  of  seven  accelerating  modules 
are  mounted  in  the  site  of  the  SILUND-21  accelerator.  Now  we 
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Abstract 

The  EMIR-M  generator  is  modified  to  perform  a  series  of  exper¬ 
iments  to  explore  the  Plasma  Openign  Switch  (POS).  Results  of 
the  first  experiments  with  POS  are  described.  EMIR-M  operates 
in  two  different  modes:  first  one,  with  Marx  generator  voltage 
of  0.95  MV  and  current  of  300  kA;  second  one,  1.42  MV  and 
460  kA,  correspondently.  Vacuum  diode  and  inductance  (short- 
circuit  diode)  was  used  as  a  load.  PIN-diodes  and  TLD  detec¬ 
tors  are  used  for  radiation  parameters  measurements.  The  results 
have  been  obtained: 

•  voltage  gain  of  2.6; 

»  maximum  conduction  time  of  2.3  fis; 

Current  rise  rate  up  to  3  •  1 0^3  A/s  with  firont  duration  of  10  ^  13 
ns  has  been  measured. 

1.  INTRODUCTION 

During  the  past  10  years  nano-  and  microseconds  POS  has 
been  investigated  at  VNIITPh.  The  investigations  are  the  logi¬ 
cal  continuation  of  the  works  with  inductive  pulsed  power  ac¬ 
celerators  based  on  fuse  used  as  an  opening  switch.  Using  POS 
has  a  significant  advantage  over  fuse  because  of  the  productivity 
increasing,  size  reduction,  and  ecological  cleanliness. 

POS  investigations  at  VNIITPh  showed  real  possibility  of 
POS  using  in  existing  and  developing  installations. 

The  paper  presents  the  first  stage  of  POS  investigations  for 
power  pulse  forming  on  EMIR-M. 

Figure  1  shows  the  geometry  of  experiments. 

POS  is  located  in  the  gap  of  the  EMIR-M  diode  container. 
Experiments  were  conducted  using  central  electrode  (cathode) 
diameter  of  40  and  60  mm.  The  cathode-anode  flange  of  con¬ 
tainer  distance  D  was  taken  in  two  cases:  first  one:  short-circuit 
regime,  and  second  one,  in  the  range  of  10-30  mm.  In  the  first 
case  the  experiments  with  inductance  load  were  conducted  with 
the  parameters:  0.26  //H  and  correspondent  cathode  diameter 
of  60  mm;  and  0.32  //H  and  correspondent  cathode  diameter 
of  40  mm.  Second  case  is  suitable  for  vacuum  diode  regime. 
Plasma  injection  unit  and  plasma  guns  unit  (PGU)  is  located  on 
the  steel  ring  (Figure  1).  Up  to  40  guns  could  be  located  at  the 
ring.  Ring  design  permits  the  radial  shift  of  the  guns  and  their 
hermietically  sealed  location.  POS  consists  from  PGU  and  cath¬ 
ode  central  electrode.  From  10  to  15  plasma  guns  charged  form 
individual  high-voltage  generator  are  the  sources  of  plasma  in 
the  experiments.  Usual  coaxial  cable-type  guns  are  used. 

Electrical  circuit  of  the  experiment  is  shown  in  Figure  2. 

Plasma  formed  by  plasma  guns  is  injected  from  anode  to  the 
POS  region.  After  fixed  time  of  delay  the  Marx  generator  starts 


Figure  1.  EMIR-M  POS  configuration  in  the  switch  region:  1  - 
cathode,  2  -  anode,  3  -  cable  plasma  guns,  4  -  TLD  dosimeters, 
5  -  PIN-diode,  6  -  Rogowsky  coil. 

to  discharge.  Current  flows  through  the  plasma  in  anode-cathode 

gap. 

The  voltage  and  current  has  been  diagnosed  using  standard 
techniques:  capacity  voltage  divider  and  Rogovsky  coils  (see 
Figure  2).  Rogovsky  coils  have  shielding  design  and  are  lo¬ 
cated  in  the  gaps  of  anode  container.  PIN-diodes  are  used  for 
bremsstrahlung  radiation  measurement  in  diode  regime.  TLDs 
are  used  for  radiation  dose  measurement.  Seven  dosimeters  are 
located  at  1  cm  distance  from  the  anode  surface  (Figure  1). 

IL  EXPERIMENTAL  RESULTS 

Experiments  were  performed  in  two  different  regimes  of  in¬ 
stallation’ s  work.  First  one,  Marx  voltage  of  0.95  MV  and  cur¬ 
rent  amplitude  of  300  kA.  Total  impedance  of  circuit  is  2.85 
Ohm.  Plasma  is  created  by  10  guns  with  correspondent  cur¬ 
rents  of  4  11  kA  and  period  of  3.5  fis  in  individual  gun. 

Marx  generator  operates  with  delay  of  3.5  -r  10//s.  Second  one, 
Marx  voltage  of  1 .42  MV  and  current  amplitude  of  460  kA;  total 
impedance  of  circuit  is  2.4  Ohm.  Plasma  guns  are  the  same  as 
using  in  the  first  regime. 
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Figure  2.  Discharge  circuit:  Lo  -  Marx  generator  inductance, 
Co  -  Marx  generator  capactitance,  Lc  -  cathode  inductance,  (Rl- 
R2)  -  voltage  divider,  LI  -  load  inductance,  R1  -  load  resistance, 
1  -  Rogowski  coil. 


age. 

The  next  problems  were  solved  in  the  investigation: 

•  method  search  for  conduction  time  increasing  ic  ; 

•  maximum  current  rise  rate  obtaining; 

•  maximum  voltage  gain  using  POS  obtaining. 

Conduction  time  increasing  allow  to  transmit  the  Marx  gener¬ 
ator  energy  into  the  load  with  increasing  period  of  the  generator 
discharge.  Experimental  results  show  the  dependence  tc  versus 
charged  voltage  of  plasma  guns  generator.  It  could  be  shown 
that  this  allows  to  increase  tc  up  to  1.8//S  (Figure  3).  The  depen¬ 
dence  ic  versus  delay  id  between  the  time  of  the  guns  generator 
operation  and  the  time  of  Marx  generator  operation  has  been 
obtained.  The  unstable  regime  of  work  with  the  increasing  of 
td  has  been  observed.  This  unstable  regime  could  be  connected 
with  the  unstable  processes  in  plasma  (ion-acoustic  instability 
development). 

In  regime  1  the  maximum  current  rise  rate  in  inductance  load 


Figure  4.  Load  current  and  voltage  waveforms  measured  at 
EMIR-M  (Inductance  Load). 

of  if  10^^  A/s  was  obtained  for  POS  conduction  time  of  2 
//s,  guns  generator  voltage  of  40  kV  and  =  3.5/iS.  Current 
rise  time  in  load  (//)  reaches  25  ns  and  current  amplitude  270 
kA  (about  90%  of  maximum  current  amplitude).  In  the  case  of 
anode-cathode  (A-C)  distance  of  30  mm  the  If  7-10^^  A/s 
and  t/=25  ns  has  been  obtained.  POS  gap  increasing  up  to  130 
mm  ilows  to  obtain  if  c^lO  ns  for  A-C  distance  of  30  mm  and 
diode  voltage  of  3  MV. 

In  regime  2  the  maximum  current  rise  rate  in  inductance  load 
of  if  2.8  •  10^^  A/s  with  t/  ~13  ns  was  obtained  for  POS  gap 
of  50  mm  and  cathode  diameter  of  60  mm  (Figure  4). 

if  ci  1.810^^  A/s  with//  ~13  ns  has  been  obtained  in  experi¬ 
ments  with  A-C  distance  of  30  mm.  Cathode  with  diameter  of  40 
mm  and  60  mm  is  used  in  the  experiments.  Greater  voltage  on 
POS  Upos  =  2.5  MV  has  been  obtained  with  cathode  diameter 
dc=40  mm  than  with  dc=60  mm  (other  parameters  are  identical). 
It  is  interesting  to  note  that  cathode  was  fused  lengthwise  of  70 
cm  on  the  distance  of  55  cm  from  the  plate  of  plasma  guns  loca¬ 
tion  to  the  diode  direction  and  15  cm  to  the  opposite  direction. 
For  the  cathode  diameter  of  40  mm  “fusing”  was  located  on  the 
distance  of  65  cm  from  the  guns  plate  to  the  load  and  during  25 
cm  in  opposite  direction.  These  differences  could  be  explained 
by  electrodynamic  force  action  to  the  load.  Average  value  of  ax¬ 
ial  velocity  reaches  30  40cm///s.  Radiational  parameters  are 

diagnosed  by  PIN-diodes  and  TLD  detectors.  Radiational  dose 
achieved  8  25  kRads  with  the  pulse  width  of  100  150  ns. 

III.  CONCLUSION 

A  considerable  volume  of  research  has  been  carried  out  that 
showed  the  principal  possibility  of  EMIR-M  operation  using 
POS: 

•  voltage  gain  of  2.6  was  reached; 

•  maximum  conduction  time  if  =  2.3//S  in  regime  1  was 
obtained; 

•  current  rise  rate  up  to  3  *  10^^  A/s  with  front  duration  10^13 
ns  was  obtained. 

With  the  goal  of  further  improving  of  EMIR-M  stable  opera¬ 
tion  some  experiments  using  POS  are  planned. 
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After  a  very  active  period  of  Niobium  Titanium 
superconductor  strand  development  in  the  mid  1980s, 
progress  slowed  as  the  SSC  scaled  up  for  production  and 
emphasis  moved  towards  guaranteeing,  rather  than  enhancing 
performance.  However,  this  period  also  produced  several 
advances  in  the  understanding  of  flux  pinning  in  Niobium 
Titanium  alloys  and  in  the  fabrication  of  composites 
containing  artificial  pinning  centers  (APC).  This  paper 
reviews  some  of  this  progress  and  attempts  to  assess  its 
implications  for  future  accelerator  conductors. 

L  STATE  OF  THE  ART 

A.  Overview  of  the  development  of  properties  with  time 

The  High  Energy  Physics  (HEP)  accelerator  community 
has  been  the  most  consistent  and  effective  driving  force 
behind  the  major  advances  that  useful  superconductors  have 
achieved  in  the  last  30  years.  The  principal  material 
advanced  is  Niobium  Titanium  of  composition  Nb-47wt.%Ti. 
There  are  at  least  three  major  reasons  why  the  HEP 
community  has  played  such  a  large  role  in  superconducting 
wire  development:  One  is  that  the  accelerator  community 
knows  that  increased  magnet  performance  is  always  driven 
by  an  ever  increasing  critical  current  density  (J),  two  the 
broader  HEP  community  has  stuck  with  superconductor 
development,  even  when  there  was  not  an  immediate  big 
accelerator  project  and  three  that  there  has  been  a 
commitment  from  key  figures  in  the  community  to  encourage 
productive  links  between  the  basic  science  of  flux  pinning  in 
superconductors,  the  accelerator  magnet  community  and  the 
superconducting  industry.  In  a  series  of  workshops  sponsored 
by  the  US  Department  of  Energy,  Division  of  High  Energy 
Physics,  held  at  least  annually  from  1983  until  the  present 
day,  a  community  of  US  researchers,  users  and 
manufacturers  have  catalyzed  each  other  in  a  continued 
attempt  to  wrest  more  performance  from  Nb-Ti  conductors. 
Figure  1  collects  information  on  some  of  the  advances  in 
performance  of  representative  strands  of  this  material.  This 
progress  is  impressive.  Figure  1  contains  information  on 
present  and  future  applications  of  Nb-Ti.  The  early  large 
scale  US  procurements  of  conductors  for  Mirror  Fusion  Test 
Facility  (MFTF)  and  for  the  Fermilab  Tevatron  in  about  1980 
developed  the  industry.  Production  of  hundreds  of  billets 
generated  genuine  production  statistics  and  also  allowed 
researchers  like  ourselves  to  ask  questions  about  which 
fabrication  variables  were  really  important  in  controlling  the 
then  rather  variable,  properties.  The  Fermilab  (5T,  4.2  K) 


16000 


14000 


1995 


— ♦ — MFTF  Conductor 

* — Tovatron  Energy  Saver  Strand,  1960. 

;  .  .  Best  Production  High  Homogeneity,  1965. 

..-X . ...  Best  Unlv.-Wl  HT  Multl-ni.  Composite,  *85. 
— O— Boat  Small  Scale  HT  Multl-FII.  Composite  '8$ 
■  Revised  Equivalent  SSC  Strand  Spedtication 

. - . -Best  Industrial  Scale  Composites  1990 

Aligned  ribbbons,  field  parallel  to  ribbona 
A  Funtkawa  APC  ‘94,  dpa10.Snm 
— D — Supercon  APC/HT  '95 
•  -  -UW  lOOOnmnwItltayer,  16iimCu:30nm  NM7W.%n 


E 

I 


0) 

Q 


12000  f 


10000 


t-  8000  + 


3 

o 

S 


6000 


4000 


2000 


0  1  2  3  4  5  6  7  8  9  10  11 


Applied  Field,  T 


Figure  1  Advances  in  the  Critical  Current  Density 
of  Nb-Ti  Based  Superconductors.  All  data  are  at  4.2K.  Key: 
MultiFil  =  Multifilamentary  strand,  HT  =  Precipitation 
Heat  Treated,  APC  =  Artificial  Pinning  Center  (aligned 
ribbons  ref.  [1],  Furukawa  APC  ref.  [2] ,  Supercon  APC/HT 
ref.[3]). 


specification  of  1800  AJvam  was  less  a  carefully  thought  out 
attempt  to  determine  what  the  material  was  capable  of  than 
an  attempt  to  challenge  production  to  a  consistent, 
deliverable  level.  Its  realization  required  simultaneous  work 
on  the  raw  alloy,  the  copper,  the  extrusion  process,  large  rod 
drawing  and  fine  wire  drawing  and  the  heat  treatment 
capabilities  of  a  still  small  industry.  Without  a  firm  idea  of 
what  the  empirical  optimization  processes  employed  by 
industry  really  were  doing  to  the  microstructure  and  thus  to 
the  flux  pinning  which  controls  it  is  not  surprising  that 
there  was  eventually  a  considerable  extra  margin  of 
performance  to  be  found  in  the  material,  the  exploitation  of 
which  in  the  mid  to  late  1980s  led  to  the  SSC  benchmark 
50%  larger  of  about  2750  A/mm^  while  at  the  same  time 
diminishing  the  filament  size  from  -10  to  6  |im. 
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Underpinning  the  big  jump  from  1980  to  1985  was  the 
discovery  of  the  large  role  played  by  uncontrolled  microscale 
chemical  inhomogeneities  in  the  raw  Nb-Ti  alloy  [4].  When, 
with  a  great  deal  of  help  from  collaborations  with  R.  M 
Scanlan  (LBL)  and  W.  K.  McDonald  at  Teledyne  Wah 
Chang  Albany  (TWCA)  [5], the  first  high  homogeneity  Nb-Ti 
alloy  was  delivered,  it  became  almost  immediately  possible 
to  get  the  50%  increase  in  performance  in  an  industrial  scale 
billet.  This  improvement  was  based  on  a  sound 
understanding  of  the  factors  controlling  the  microstructure 
[6,7,8].  Further  exploitation  of  this  understanding  on  a 
laboratory  scale  led  to  large  filament  conductors  which  could 
achieve  -3700  A/mm^  although  with  larger  filaments[9]. 
Since  1985-1986,  engineering  the  very  best  laboratory  scale 
properties  into  very  long  length  (several  km),  very  fine 
filament  (6  |im  or  even  lesser  diameters)  cabled  conductors 
has  been  the  principal  emphasis  of  the  industry.  This  was 
triumphantly  done  in  the  latter  stages  of  the  SSC-CDG  R&D 
program  in  a  collaboration  in  which  groups  from  the 
principal  US  industrial  suppliers  (IGC,  OST,  Supercon  and 
TWCA)  worked  together  with  teams  at  principally  BNL, 
Fermilab,  LBL  and  the  University  of  Wisconsin  to 
characterize,  understand  and  to  devise  engineering  solutions 
that  stood  in  the  way  of  realizing  the  scientific  control  of 
microstructure  that  underpinned  the  industrial  fabrication 
process  (these  results  are  reviewed  in  greater  detail 
elsewhere[10]). 

Two  recent  benchmarks  significantly  lift  the  potential  of 
Nb-Ti  alloys.  One  was  a  proof-of  principle  experiment 
conducted  in  our  group  [1],  aimed  at  answering  the  question 
of  whether  Nb-Ti  had  absolutely  run  out  of  its  capacity  to 
develop  any  higher  J^.  In  this  case  we  took  an  already  very 


Figure  2  Typical  Nb-47wt.%Ti  high  critical  current 
microstructure  (in  transverse  cross-section)  showing  the 
densely  folded  sheets  of  a-Ti  pinning  centers  dispersed 
within  the  superconducting  p-Nb-Ti  matrix.  Superimposed  is 
a  schematic  illustration  of  the  equilibrium  fluxoid  spacing 
and  dimensions  appropriate  to  Nb-47wt.%Ti  at  5T,  4.2K. 


high  sample  and  rolled  it  to  a  high  aspect  ratio  so  that  the 
pinning  microstructure  (Figure  2)  was  highly  aligned  for  one 
axis  of  the  wire.  (5T)  was  raised  from  about  3500  to  5300 
A/mm^  without  any  degradation  at  higher  fields.  This  proved 
that  there  was  a  greater  potential  in  the  material.  The  second 
aspect  studied  after  1985  was  the  question  of  whether  a  better 
array  of  pinning  centers  could  be  incorporated  into  Nb-Ti 
than  was  supplied  by  nature,  even  in  the  highly  optimized 
process  that  had  evolved  in  the  early  1980s.  Artificial 
pinning  center  (ARC)  arrays  were  first  introduced  by 
Dorofejev  et  al.  [14]  at  the  1985  Magnet  Technology 
Conference,  just  as  the  conventional  process  was  reaching  its 
full  understanding.  The  best  realization  of  this  concept  is  by 
Matsumoto  et  al.  [2]  from  Furukawa  Electric  Co.,  as 
indicated  by  the  1994  plot  in  Figure  1.  This  composite  was 
the  first  and  is  still  the  only  round  wire  to  have  broken  the 
4000  A/mm^  (5T)  barrier.  This  result  is  all  the  more 
impressive  in  that  the  wire  clearly  lacks  a  competitive  high 
field  performance  (it  crosses  over  with  standard  wires  at  -6 
T),  as  we  discuss  further  later  in  this  paper.  In  fact  recent 
APC  multilayers  [11]  and  [12]  have  shown  that  highly 
aligned  pinning  layers  can  produce  >10,000  A/mm^  first  at  a 
similar  expense  to  the  high  field  7^  [11]  and  now  without  any 
compromise  for  the  high  field  properties  [12]. 

In  the  rest  of  this  paper  we  briefly  review  some  of  the 
implications  of  these  recent  advances  for  new  accelerator 
conductor  possibilities,  first  briefly  defining  the  difference 
between  conventional  and  APC  conductors. 

B.  Conventionally  Processed  Material 

Virtually  all  material  made  up  until  now  has  been 
conventionally  processed,  where  the  term  conventional 
means  that  the  starting  point  is  a  Nb-Ti  alloy  which  is 
sheathed  in  Cu,  and  after  various  compaction,  extrusion  and 
drawing  processes  is  then  heat  treated  multiple  times  within 
the  a  +  p  two  phase  field  so  as  to  produce  a  fine  dispersion 
of  a-Ti  precipitates.  These  a-Ti  precipitates  (Figure  2)  are 
the  dominant  flux  pinning  centers  in  conventional  wire  and 
their  optimization  is  the  goal  of  the  complex  fabrication 
procedures  through  which  Nb-Ti  composites  are 
manufactured.  Advanced  accelerator  strands  optimized  using 
such  a  process  can  today  be  expected  to  have  critical  current 
densities  of  the  order  of  2750-  3000A/mm^  at  5T,  4.2K  and 
1100-1400A/mm^  at  8T,  4.2K  and  to  consist  of  1000-4000 
2.5-10|im  filaments  of  Nb-  47wt.%Ti  alloy,  each  clad  in  a 
thin  Nb  diffusion  barrier  and  assembled  within  a  Cu  matrix 
for  stability  (Figure  3).  Inherent  limitations  of  the 
conventional  process  are  that  a-Ti  is  the  pinning  center  and 
that  the  quantity  of  pinning  center  is  limited  to  20-25  vol.  % 
for  Nb-47Ti  by  the  thermodynamic  phase  stability  of  the 
Nb-Ti  system.  The  shape  of  the  pins  is  constrained  to  the 
ribbon-shaped  pin  morphology  of  Figure  2  by  the  plane  strain 
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Figure  3  Cross-section  of  SSC-style  multifilamentary 
superconducting  strand  at  26mm  diameter  superimposed  on 
detail  showing  filaments  and  their  diffusion  barriers 
(fabricated  by  IGC  as  part  of  the  SSC-CDG  R&D  program). 

deformation  dynamics  of  the  body  centered  cubic  p-Nb-Ti 
alloy.  It  is  an  amazing  gift  from  nature  that  it  is  possible  to 
produce  two  phase  nanometer  scale  micro  structures  such  as 
that  seen  in  Figure  2  in  complex  many  thousand  filament 
composites  such  as  that  shown  in  Figure  3  and  to  have  the 
piece  length  be  several  km.  No  wonder  that  competition  with 
standard  process  Nb-Ti  is  so  hard! 

C.  Artificial  Pinning  Centers  (APC) 

An  alternative  approach,  first  used  by  Dorofejev  et  al. 
[14],  is  to  mechanically  assemble  the  desired  pinning 
structure  in  a  composite  at  large  size  and  then  to  reduce  the 
structure  to  the  dimensions  of  the  fluxoid  lattice  by  multiple 
extrusions  and  wire  drawing.  Such  a  process  has  great 
conceptual  flexibility  in  the  selection  of  pin,  superconducting 
matrix,  and  pinning  center  geometry.  One  realization  of  such 
a  composite  is  shown  in  Figure  4.  The  figure  shows  an 
important  and  common  attribute  of  APC  composites,  namely 
that  the  final  size  nanostructure  is  not  the  idealized 
macrostructure  that  was  assembled.  In  fact  the  final  size 
nanostructure  of  APC  composites  is  seldom  explicitly  studied 
and  this  is  certainly  one  of  the  key  drawbacks  to  much  recent 
work  on  trying  to  understand  why  disappointing  performance 


Figure  4  TEM  image  of  original  IGC  APC  at  final 
size  (in  transverse  cross-section)  compared  with  the 
original  “flux  tube”  design  from  the  patent  of  Zeitlin  et  al. 
[13]. 


has  so  far  been  more  common  than  outstanding  performance. 
With  these  two  concepts  in  mind  we  now  turn  to  a  wider 
discussion  of  the  potential  that  the  two  processes  offer  for 
accelerator  conductors. 

IL  OUTSTANDING  ISSUES  FOR  FUTURE 
DEVELOPMENT 

Three  issues  underlie  the  development  of  higher  The  first 
is  that  of  understanding  the  flux  pinning  mechanism,  the 
second  is  ensuring  that  the  upper  critical  field  is  not 
degraded  by  the  choice  of  pinning  center  and  the  third  is 
making  composites  that  are  fabricable  in  useful  lengths  at 
appropriate  cost.  We  shall  aim  our  discussion  towards  these  3 
points. 

A.  Flux-pinning, 

The  keys  to  our  present  understanding  of  flux-pinning 
came  from  careful  correlation  of  superconducting  property 
measurements  to  a  quantitative  microstructural  description. 
This  turns  out  to  be  particularly  necessary  for  understanding 
the  APC  composites,  many  of  which  do  not  have  well- 
understood  nanostructures  [15].  The  Volume  Flux  Pinning 
Force,  (F  =  ^  x  F)  is  a  particularly  valuable  optimization 
parameter.  The  microstructural  and  flux  pinning  basis  of 
present  optimization  was  described  in  the  studies  of 
Meingast,  Lee  and  Larbalestier  [16].  There  are  systematic 
changes  in  the  shape  of  F^  as  the  wire  and  its  precipitates  are 
drawn  to  different  sizes,  as  is  shown  in  Figure  5.  Two 
important  issues  of  great  practical  relevance  are  that  drawing 
the  wire  to  its  optimum  size  raises  F^  at  all  fields  and  that  the 
maximum  in  F^  occurs  at  about  This  behavior  is 

unlike  that  of  APC  Nb-Ti  and  almost  all  other  high  field 
superconductors  and  is  the  reason  why  Nb-Ti  magnets  are 
effective  so  close  to  their  upper  critical  field.  Two  other  very 
important  results  [17]  are  that  F^  and  are  linearly 
dependent  on  the  volume  percentage  of  pinning  material  and 
that  the  of  the  optimized  composite  is  the  same  as  that  of 
the  homogeneous  starting  alloy.  This  result  was  extremely 
surprising  when  first  obtained  because  the  matrix  of  the 
superconductor  is  strongly  depleted  of  Ti  by  the  formation  of 
about  20  vol.%  of  a-Ti.  This  occurs  because  the  optimum 
size  precipitates  (Figure  2)  are  thinner  than  the 
superconducting  coherence  length,  Thus  there  is  a 
remixing  of  matrix  and  pin  so  far  as  and  are 
concerned.  The  enormously  beneficial  surprise  of  this  result 
is  that  this  remixing  does  not  in  any  way  lose  the 
heterogeneous  nanostructure  required  for  optimum  flux 
pinning.  This  principle  has  further  important  implications  for 
the  optimization  of  ternary  Nb-Ti-Ta  compositions  and  APC 
composites. 
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The  question  posed  at  the  start  of  this  section  is  whether 
flux  pinning  is  well  understood.  At  the  conclusion  of  [16], 
the  answer  appeared  to  be  a  qualified  yes.  The  microstructure 
and  the  flux  pinning  force  had  been  directly  correlated  for 
the  very  highest  composite  over  more  than  an  order  of 
magnitude  change  in  pin  dimension  and  F^.  By  correlating 
these  two  it  was  possible  to  deduce  the  thickness  dependence 
of  the  elementary  pinning  force  and  to  compare  this  to 
calculations  of  the  vortex  core  interaction  with  the  pin.  These 
calculations  correctly  predicted  the  observed  linear 
dependence  of  the  elementary  pinning  force  on  pin 
thickness  up  to  a  pin  thickness  of  2^,  the  vortex  diameter. 
This  was  a  considerable  success.  However,  there  was  one 
flaw  in  the  agreement. 

The  basis  for  flux  pinning  was  long  believed  to  be  a 
core  pinning  interaction  between  the  normal  a-Ti  precipitate 
and  the  normal  vortex  core.  However,  the  a-Ti  pins  are  so 
narrow  that  they  are  proximity  coupled  to  the  matrix,  thus 
creating  an  important  theoretical  complication  not  treated  in 
the  simple  models  used  to  compute  A  second  issue  is  that 
the  thickness  dependence  of  was  found  to  fit  best  in  the 
limit  of  T  tending  to  where  the  field  dependence  of  was 
not  a  good  fit  to  the  field  dependence  of  the  order  parameter. 
This  apparently  small  inconsistency  was  attacked  by  Cooley 
et  al.  [19]  in  the  context  of  the  shape  of  the  FJ[H)  curves  of 
APC  conductors,  virtually  all  of  which  exhibit  a  peak  at  low 
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Figure  5  For  conventionally  processed  Nb-Ti  the  bulk 
pinning  force  increases  in  magnitude  with  drawing  strain 
after  the  last  heat  treatment.  The  increase  occurs  at  all  fields 
as  the  precipitate  size  and  spacing  are  reduced  to  less  than  a 
coherence  length  in  thickness  (see  Figure  2)  (data  from  [18]). 


fields,  about  0.25//^2»  rather  than  the  0.5  of  the 
conventional  materials  (see  Figure  1  and  Figure  5).  The 
proposal  was  made  there  without  much  justification  that  the 
pinning  mechanism  in  the  APC  was  a  magnetic  one,  rather 
than  a  core  pinning  one.  In  fact  it  now  seems  that  this  may  be 
the  dominant  mechanism  in  conventional  Nb-Ti  too  [20,21], 
A  key  prediction  of  the  new  model  [21]  is  that  optimum^ 
occurs  when  the  pin  is  decoupled  from  the  matrix.  The 
thickness  of  the  pin  and  its  electron  mean  free  path  determine 
this. 

Within  this  model  it  is  easy  to  rationalize  the  poor  high 
field  performance  of  most  APC  conductors:  The  reason  is 
that  their  pins  are  pure  Nb,  which  has  a  much  longer 
coherence  length  than  the  alloyed  a-Ti  precipitate  of  the 
conventional  process.  The  consequence  of  being  optimized 
for  thicker  (~2-4  pins  is  that  their  density  is  lower  than  for 
thinner  pins,  thus  reducing  the  number  density  of  vortex-pin 
interactions.  Thus  the  low  field  pinning  benefits  strongly  but 
the  higher  field  suffers.  The  remedy  is  thus  to  dirty  up  the 
pin.  Experimental  tests  of  this  hypothesis  are  now  underway. 

This  is  not  quite  the  whole  story  since  Figure  1  shows 
that  the  of  the  very  good  APC  wire  is  -7.5T,  rather  than 
the  10.5T  of  conventional  wires.  This  is  principally  the 
consequence  of  the  billet  being  experimental,  Nb-47wt.%Ti 
was  used  for  the  matrix  and  Nb  for  the  pins,  meaning  that  the 
overall  composition  was  very  far  from  the  optimum 
composition.  As  the  correct  choice  of  pinning  center 
becomes  better  understood  this  aspect  of  the  reduced  high 
field  performance  will  be  designed  out  by  making  sure  that 
the  overall  composition  of  matrix  and  pin  is  one  with  a  high 
Her 

One  final  note  about  APC  wires  should  be  made.  The 
most  successful  one  practically  has  been  the  jellyroll  design 
of  Supercon  that  uses  co-wound  sheets  of  pure  Nb  and  Ti. 
This  technique  produces  a  strand  that  is  claimed  to  be  cost 
competitive  with  conventionally  made  material.  Both  dipole 
and  MRI  magnets  have  been  made  with  the  design.  The 
properties  are  very  similar  to  conventional  Nb-Ti  but  do  not 
exceed  the  normal  material.  At  this  stage  the  nanostructure 
produced  in  the  wires  is  not  very  clear. 

B.  Upper  Critical  Field. 

A  contour  plot  of  for  alloys  in  the  ternary  Nb- 

Ti-Ta  system  is  shown  in  Figure  6.  Ta  and  Nb  are  mutually 
soluble,  similar  chemically  and  mechanically  and 
(T<4.2K)  is  greater  in  the  ternary  than  in  the  binary.  As 
indicated  by  the  figure,  K)  can  be  increased  fi-om  a 
maximum  of  14.25  to  15. 5T.  These  data  indicate  the  prime 
reason  for  using  Nb-Ti-Ta.  In  most  other  respects  except  one, 
the  alloy  processes  well  and  can  be  used  to  replace  the  binary 
alloy  when  1.8-2  K  operation  is  required.  So  far  at  least  4 
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fairly  large  billets  have  been  made  of  different  alloys  in  the 


system: 

Nb-  43wt%  Ti-25wt.%  Ta 
Nb-  41wt.%  Ti-15wt.%  Ta 
Nb-  44wt.%  Ti-15wt.%  Ta 
Nb-  37wt.%  Ti-22wt.%Ta 


1980  UW[22,23] 

1983  Fermi/UW[4] 
1987  Fermi/UW[24,25] 
1992  Kharkov[26] 


None  of  these  has  had  the  maximum  composition, 
principally  because  of  the  desire  to  minimize  the  more 
expensive  Ta. 

Any  new  alloy  must  strike  a  balance  between  ensuring 
that  three  is  enough  Ta  to  raise  enough  Ti  to  get 

sufficient  a-Ti  for  pinning.  In  fact  the  best  Nb-Ti-Ta  alloys 
made  so  far  have  had  /X4.2K)  values  which  are  a  little  lower 
than  the  binary  but  they  do  improve  at  2  K.  There  have  been 
few  problems  with  Nb-Ti-Ta  alloy,  making  it  a  rather  simple 
retrofit  if  2K  use  is  being  considered. 

C.  Fabricability 

Conventional  Nb-Ti  and  Nb-Ti-Ta  fabricate  extremely 
well,  often  producing  piece  lengths  exceeding  several  km. 
Thus  there  is  no  concern  about  them.  By  contrast,  APC 
conductors  are  sometimes  quite  hard  to  make.  The  problems 
are  of  several  types.  First  is  the  fact  that  multiple  extrusions 


Figure  6  Contour  plot  of  for  Nb-Ti-Ta  from 

the  data  of  Hawks  worth  [22]  and  Muller  [27].  The 
investigated  alloy  compositions  are  superimposed  on  this 
plot  along  with  the  standard  binary  Nb-47wt.%Ti.  We  use 
atomic  composition  here  rather  than  the  commonly  used 
weight  percentage  because  the  all  important  volume  %  of 
a-Ti  is  more  closely  related  to  the  atomic  %  Ti  and  the 
weight  percentage  values  for  the  ternary  are  often 
misleading  in  this  respect. 


are  required  to  make  an  APC,  except  in  the  special  case  of 
the  Supercon  design  mentioned  above.  Since  each  extrusion 
has  a  yield  of  -85%  at  maximum,  it  is  easy  to  see  that  a 
design  requiring  3  or  4  extrusions  has  an  inevitably  low 
yield.  An  additional  problem  is  that  the  composite  is  two- 
phase  from  the  very  beginning  of  fabrication  and  this  leads  to 
early  work  hardening  and  sometimes  to  fracture.  This  does 
not  have  to  lead  to  problems  but  it  is  probably  true  that  wire 
breaks  are  more  common  than  with  the  standard  process. 
These  issues  will  take  a  greater  importance  as  more  of  them 
made  in  an  industrial  environment. 

III.  SUMMARY 

Recent  advances  in  Nb-Ti  alloys  have  been  reviewed.  A 
better  understanding  of  flux  pinning  in  the  system  offers 
opportunities  for  new  and  better  prototype  designs,  perhaps 
of  multilayers  and  APC  conductors.  APC  composites  as 
presently  made  suffer  from  having  the  wrong  overall 
composition  and  perhaps  also  from  having  pure  metal  pins. 
Ternary  alloys  should  be  capable  of  further  optimization 
since  too  few  having  close  to  optimum  compositions  have  yet 
been  made.  Near  term  designs  of  specialty  magnets  for  low 
beta  quadrupoles  may  provide  a  stringent  test  of  the  potential 
of  these  new  concepts,  since  applications  of  this  type  are  not 
too  sensitive  to  conductor  cost.  It  does  appear  that  Nb-Ti 
conductors  with  better  properties  can  still  be  developed.  The 
challenge  is  to  integrate  the  lessons  of  the  much  better  flux 
pinning  properties  of  multilayers  into  more  conventional 
round  wire  designs. 

We  gratefully  acknowledge  discussions  with  many 
present  and  former  UW  colleagues,  particularly  Lance 
Cooley,  Robert  Heussner,  Paul  Jablonski,  Erik  Kadyrov  and 
Alex  Gurevich.  We  are  also  greatly  indebted  to  continued 
collaboration  and  encouragement  from  Ron  Scanlan  and  A1 
Mclnturff  (LBL),  Dave  Sutter  (DOE)  and  colleagues  in  the 
superconductor  industry,  particularly  Eric  Gregory  (IGC), 
Seung  Hong  (OST),  and  William  McDonald  (TWC- 
Huntsville).  Early  help  from  Bruce  Strauss,  formerly  of 
Fermilab,  is  also  gratefully  acknowledged. 

IV.  REFERENCES 

[1]  L.  D.  Cooley,  P.  D.  Jablonski,  P.  J.  Lee  and  D.  C. 
Larbalestier,  “Strongly  enhanced  critical  current  density  in 
Nb-47  wt.%  Ti  having  a  highly  aligned  microstructure,” 
Appl.  Phys.  Lett.  58,  pp.  2984-2986, 1991. 

[2]  K.  Matsumoto,  H.  Takewaki,  Y.  Tanaka  O.  Miura,  K. 
Yamafuji,  K.  Funaki,  M.  Iwakuma,  and  T.  Matsushita, 
“Enhanced  properties  in  superconducting  NbTi  composites 
by  introducing  Nb  artificial  pins  with  a  layered  structure,” 
Appl.  Phys.  Lett,  vol.  64(1),  pp.115-117, 1994. 

[3]  J.  M.  Seuntjens,  M.  Rudziak,  C.  Renaud,  T.  Wong 


1280 


and  J.  Wong,  “Development  Progress  of  the  Supercon  APC 
Process,”  presentation  to  the  1995  Low  Temperature 
Superconductor  Workshop,  Boulder  CO,  March  1995. 

[4]  A.  W.  West,  W.  H.  Wames,  D.  L.  Moffat  and  D.  C. 
Larbalestier,  “Compositional  inhomogeneities  in  Nb-Ti  and 
its  alloys,”  IEEE  Trans.  Mag.,  19,  pp.749-753,  1983. 

[5]  D.  C.  Larbalestier,  A.  W.  West,  W.  Starch,  W. 
Wames,  P.  Lee,  W.  K.  McDonald,  P.  O’Larey,  K. 
Hemachalam,  B.  Zeitlin,  R.  Scanlan  and  C.  Taylor,  “High 
critical  current  densities  in  industrial  scale  composites  made 
from  high  homogeneity  Nb46.5T,”  IEEE  Trans.  Mag.,  21, 
pp.  269-272, 1985. 

[6]  A.  W.  West  and  D.  C.  Larbalestier,  “Microstructural 
Changes  Produced  in  a  Multifilamentary  Nb-Ti  Composite 
by  Cold  Work  and  Heat  Treatment  ”  Met.  Trans.  A,  15,  pp. 
843-852,  1984. 

[7]  D.  C.  Larbalestier  and  A.  W.  West,  “New 
perspectives  on  flux  pinning  in  Niobium-Titanium  composite 
superconductors,”  Acta  Metallurgica,  32,  pp.  1871-1881, 
1984. 

[8]  P.  J.  Lee  and  D.  C.  Larbalestier,  “Development  of 
nanometer  scale  structures  in  composites  of  Nb-Ti  and  their 
effect  on  the  superconducting  critical  current  density,”  Acta. 
Met.,  35,  pp.  2526-2536, 1987. 

[9]  Li  Chengren  and  D.  C.  Larbalestier,  “Development 
of  high  critical  current  densities  in  Niobium  46.5wt% 
Titanium,”  Cryogenics,  27,  pp.  171-177,  1987. 

[10]  P.  J.  Lee  and  D.C.  Larbalestier,  “An  examination 
of  the  properties  of  SSC  Phase  II  R&D  strands,”  IEEE 
Transactions  on  Applied  Superconductivity,  3,  pp.  833-841, 
1993. 

[11]  J.  D.  McCambridge,  N.  D.  Rizzo,  X.  S.  Ling,  J.  Q. 
Wang,  D.  E.  Prober,  L.  R.  Motowidlo  and  B.  A.  Zeitlin, 
“Flux  pinning  in  NbTi/Nb  multilayers,”  IEEE  Trans.  Appl. 
Superconductivity,  pp.  1697-1699, 1995. 

[12]  E.  Kadyrov,  A.  Gurevich  and  D.  C.  Larbalestier, 
“Very  high  critical  current  densities  in  Nb-47%Ti  multilayers 
with  a  planar  copper  flux  pinning  microstructure,”  submitted 
for  publication  in  Appl.  Phys.  Let.,  September  1995 

[13]  B.  A.  Zeitlin,  M.  S.  Walker  and  L.  R.  Motowidlo, 
“Superconductors  having  controlled  laminar  pinning  centers, 
and  method  of  manufacturing  same,”  US  Patent  4,803,310, 
1989. 

[14]  G.  L.  Dorofejev,  E.  Yu  Klimenko,  and  S.  V. 
Frolov,  “Current  carrying  capacity  of  superconductors  with 
artificial  pinning  centers,”  Proceedings  of  the  9th 
International  Conference  on  Magnet  Technology,  Ed.  by  C. 
Marinucci  and  P.  Weymuth  (pub.  Swiss  Institute  for  Nuclear 
Research,  Villigen,  Switzerland),  pp.  564-566,  1985. 

[15]  P.  J.  Lee,  D.  C.  Larbalestier,  and  P.  D.  Jablonski, 
“Quantification  of  Pinning  Center  Thickness  in 
Conventionally  Processed  and  Powder  Processed  Artificial 
Pinning  Center  Microstructures,”  IEEE  Trans.  Appl. 
Superconductivity,  4,  pp.  1701-1712, 1995. 


[16]  C.  Meingast,  P.  J.  Lee  and  D.  C.  Larbalestier, 
“Quantitative  description  of  a  high  7  Nb-Ti  superconductor 
during  its  final  optimization  strain:  I.  Microstructure,  T^, 
and  resistivity,”  J.  Appl.  Phys.,  66,  pp.  5962-5970, 1989. 

[17]  P.  J.  Lee,  J.  C.  McKinnell,  and  D.  C.  Larbalestier, 
“Restricted  Novel  Heat  Treatments  for  Obtaining  High  in 
Nb-46.5wt%Ti,”  Adv.  Cryo.  Eng.,  36,  287-294  (1990). 

[18]  C.  Meingast  and  D.  C.  Larbalestier,  “Quantitative 
description  of  a  very  high  critical  current  density  Nb-Ti 
superconductor  during  its  final  optimization  strain:  11.  Flux 
pinning  mechanisms,”  J.  Appl.  Phys.,  66,  pp.597 1-5983, 
1989. 

[19]  L.  D.  Cooley,  P.  J.  Lee  and  D.  C.  Larbalestier,  “Is 
Magnetic  Pinning  a  Dominant  Mechanism  in  Nb-Ti?,”  IEEE 
Trans .  Mag.,  27, 1096-1100, 1991. 

[20]  A.  Gurevich  and  L.D.  Cooley,  “Anisotropic  flux 
pinning  in  a  network  of  planar  defects,”  Phys.  Rev.  B,  50,  pp. 
13568-13576, 1994. 

[21]  L.  D.  Cooley,  P.  J.  Lee  and  D.  C.  Larbalestier, 
“Evidence  that  magnetic  pinning  is  the  dominant  pinning 
mechanism  in  Nb-Ti  superconductors  and  the  effect  that 
proximity  coupling  of  the  pins  to  the  matrix  has  on  the  pinning 
force,”  submitted  for  publication  in  Phys.  Rev.  B,  August  1995. 

[22]  D.G.  Hawksworth,  and  D.C.  Larbalestier  “Further 
investigations  of  the  upper  critical  field  and  the  high  field 
critical  current  density  in  Nb-Ti  and  its  alloys,”  IEEE  Trans. 
Mag.,  17,  pp.  49-52,  1981. 

[23]  H.R.  Segal,  T.M.  Hrycaj,  Z.J.J.  Stekly,  Z.J.J.,  T.A.  de 
Winter,  and  K  Hemachalam,  “Nb-Ti  based  conductors  for  use 
in  12  Tesla  toroidal  field  coils,”  in  Proc.  of  8th  Symp.  on 
Engineering  Problems  in  Fusion  Research,  IEEE  Pub.  79- 
CH-1441-5  NPS,  pp.255-259,  1979. 

[24]  A.  D.  Mclnturff,  Carson,  D.  C.  Larbalestier,  P.  J. 
Lee,  J.  C.  McKinnell,  Kanithi,  McDonald,  O'Larey  - 
“Ternary  Superconductor  “NbTiTa”  for  High  Field 
Superfluid  Magnets,”  IEEE  Inter.  Magnet  Conf.,  Digest  of 
Technical  Papers,  Brighton  Polytechnic,  Brighton,  U.K.,  p: 
AP15, 1990. 

[25]  P.  J.  Lee,  D.  C.  Larbalestier,  J.  C.  McKinnell  and 
A.  D.  Mclnturff,  “Microstructure  property  relationships  in 
Nb-Ti-Ta,”  IEEE  Transactions  on  Applied 
Superconductivity,  3,  pp.  1354-1357,  1993. 

[26]  B.  G.  Lazarev,  O.  V.  Chemyj,  G.  E.  Storozhilov,  L. 
G.  Udov,  N.  F.  Andrievskaya,  L.  A.  Kornienko,  L.  S. 
Lazareva,  N.  A.  Chernyak,  P.  A.  Kutsenko,  B.  K.  Pryadkin, 
Y.  A,  D.  Starodubov,  M.  B.  Lazareva  and  V.  M.  Gorbatenko, 
“The  Study  of  the  Micro  structure  and  in  Nb-37Ti-22Ta 
Superconductor  Produced  with  Different  Duration  of 
Treatments,”  Proc.  7th  Int.  Workshop  on  Critical  Currents  in 
Superconductors,  Alpbach,  Austria,  Ed.  H.  W.  Weber,  World 
Scientific  Press,  Singapore,  1994. 

[27]  H.  Muller  ,  “The  upper  critical  field  of  niobium- 
titanium,”  Ph.D.  Thesis,  University  of  Wisconsin-Madison, 
1988. 


1281 


SUPERCONDUCTING  MAGNETS 

R.  Perin,  CERN,  1211  Geneva  23,  Switzerland 


Abstract 

Superconducting  magnets  have  become  essential 
components  of  hadron  accelerator/colliders  and  compact 
electron  accelerators.  Their  technology  has  greatly 
progressed  in  recent  years  thanks  to  the  Tevatron  and 
HERA  operation  experience,  the  production  of  the  RHIC 
magnets  and  the  intense  R&D  programs  for  SSC,  UNK  and 
LHC.  For  the  LHC,  at  present  the  most  important  and 
advanced  project,  dipoles,  quadrupoles  and  corrector  R&D 
magnets  have  been  successfully  built  in  industry  and 
laboratories.  Major  milestones  have  been  recently  passed 
with  test  and  measurement  of  several  industry  made,  10  m 
long,  twin-aperture  dipoles  and  the  successful  operation  of 
a  "string”  test  facility  simulating  the  basic  machine  half¬ 
cell. 

L  INTRODUCTION 

High  Energy  Physics  has  been  for  almost  three  decades 
the  prime  promoter  of  applied  superconductivity,  magnets 
and  r.f.  cavities,  identified  as  the  means  to  reach  higher 
energy  saving  cost  and  space  occupancy.  Superconducting 
magnets  have  be 


come  the  key  to  higher  energies  in  hadron 
accelerator/colliders,  and  are  more  and  more  applied  in 
experiments  for  momentum  analysis  of  secondary  particles. 
In  low  energy  machines  superconducting  magnets  are  used 
in  industrially  made  compact  electron  accelerators  as,  e.g, 
"portable"  synchrotron  light  sources  and  small  cyclotrons 
for  medical  applications  [1,2]. 

This  paper  covers  only  a  few  aspects  of  the  main 
magnets  of  the  high  energy  colliders  presently  under 
construction  and  is  mainly  focussed  on  the  dipoles  because 
of  their  importance  in  the  economy  of  the  projects  and  of 
their  technical  difficulties. 

The  evolution  in  field  and  field  gradient  of 
superconducting  main  magnets  for  accelerators  is  recalled 
in  Table  I. 

Improvement  in  performance  of  superconductors  [3, 4], 
better  insulation  systems  and  force  containment  structures 
and  refinements  in  manufacturing  have  permitted  to  raise 
field  and  gradient.  A  bold  step  is  being  made  with  the  LHC 
using  the  superfluid  helium  technique,  thus  enhancing  the 
performance  of  the  traditional  NbTi  superconductor,  and  by 
the  adoption  of  the  two-in-one  configuration  leading  to  a 
considerable  reduction  of  costs  and  space  occupancy. 


Table  I 

Design  parameters  of  superconducting  main  magnets  in  accelerator/colliders 


Dipoles 

Quadrupoles 

Operation 

temperature 

(K) _ 

Central  field 

(T) 

Coil  aperture 

(mm) 

Eff.  unit 
length 
(m) 

Field 

gradient 

(T/m) 

Coil 

aperture 

(mm) 

Eff.  length 

(m) 

TEVATRON 

4.4 

76.2 

6.1 

75.8 

88.9 

1.7 

4.6 

HERA 

4.7 

75 

8.8 

91.2 

75 

1.9/1 .7 

4.5 

RHIC 

3.5 

80 

9.5 

71.8 

80 

1.1 

4.6 

UNK 

5.0 

80 

5.7 

96.1 

80 

3.0 

4.6 

SSC 

6.6 

50 

15.2 

206 

40 

5.2 

4.35 

LHC 

8.4 

56 

14.2 

220 

56 

3.0 

1.9 

11.  SSC  MAGNETS 

The  SSC  magnet  development  programme,  presently 
ended  due  to  the  unfortunate  termination  of  the  project,  has 
been  during  a  decade  the  main  stimulation  of  accelerator 
magnet  progress  and  has  led  to  many  advancements  in 
understanding,  design,  materials  and  fabrication 
techniques  [5].  Most  of  the  prototype  dipoles  were  built  at 
BNL  and  FNAL.  Their  quench  performance  at  the 
operation  temperature  of  4.35  K  was  excellent  with  little 
training.  Their  field  quality  was  generally  within 
requirements,  only  the  drift  of  the  skew  quadrupole 
component  at  injection  needed  to  be  better  controlled.  Full 
length  prototype  quadrupoles  were  built  at  LBL.  Typically 
they  exhibited  training  from  6.6-5-7.2  kA  to  8  kA  and  some 


retraining  after  thermal  cycling.  Their  field  quality  was 
better  than  specified.  Some  1  m  long  model  quadrupoles 
were  manufactured  by  a  US/German  consortium.  They 
reached  the  conductor  short  sample  limit,  8.4  kA,  after  a 
few  quenches  starting  at  about  7.5  kA. 

The  last  important  activity  on  the  SSC  magnets,  after 
the  decision  to  terminate  the  project,  was  the  power  test  of 
a  full  cell  of  the  machine,  comprising  ten  dipoles,  two 
quadrupoles  and  three  spool  pieces  [6].  The  very  valuable 
experience  gathered  with  this  test  will  help  any  future 
accelerator  project  using  superconducting  magnets  and  in 
particular  the  LHC.  Among  the  results  of  general  interest 
the  following  should  be  mentioned: 
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-  There  was  no  evidence  of  quench  propagation  between 
adjacent  quarter  cells  (the  string  was  subdivided  into 
quarter  cells)  by  heat  transported  through  helium. 
Propagation  occurred  instead  because  of  a  too  fast  down- 
ramp  rate  during  the  current  decay  through  an  external 
dump  resistor,  which  caused  quenching  of  dipole  inner  coils 
in  other  quarter  cells. 

-  The  finding  of  considerable  over  voltages  to  ground  at 
quench  in  a  string  of  magnets  protected  by  the  same  by¬ 
pass  diode.  It  has  been  shown  that  this  is  mainly  caused  by 
differences  in  the  normal  resistance  at  low  temperature  of 
the  outer  coils  (those  fired  by  the  strip  heaters).  The  cure 
is  a  better  matching  of  magnets  in  this  respect  and  in 
diminishing  as  much  as  possible  the  quench  start  time  in 
the  different  magnets  by  using  more  efficient  heaters. 
These  observations  have  already  had  important 
consequences  in  the  evolution  of  the  LHC  magnet  quench 
protection  system.  The  idea  of  protecting  the  half  cell 
magnets  by  a  set  of  diodes  grouped  in  the  short  straight 
section  has  been  abandoned  in  favour  of  the  initial  scheme 
with  a  set  of  two  diodes  placed  in  superfluid  helium  and 
connected  across  the  magnet  terminals. 

-  A  catastrophic  failure  of  the  insulating  vacuum  in  a  half¬ 
cell  was  simulated  by  opening  a  valve  to  air.  The  system 
did  not  suffer  from  this  type  of  event,  dispelling  the  fears 
raised  by  some  computer  simulation  models  and  confirming 
the  results  obtained  at  CERN  with  a  similar  test  performed 
on  the  TAP  magnet  by  breaking  the  insulation  vacuum  with 
helium,  thus  simulating  a  failure  of  the  helium  tank  [7]. 
Also  in  this  test  (which  is  considered  more  severe,  since 
helium  cannot  freeze  as  air  does  on  the  thermal  screens)  no 
damage  was  produced. 

IIL  UNK  SUPERCONDUCTING  MAGNETS 

A  number  of  dipoles  had  been  successfully  tested  in  the 
past  years.  The  results  were  satisfactory  regarding  quench 
performance,  losses  at  ramp,  field  quality  and 
reproducibility.  Because  of  the  known  difficulties  the 
series  production  of  these  magnets  could  not  be  launched. 
Last  year  a  string  of  four  dipole  magnets  has  been 
successfully  tested  [8]  and  the  work  is  continuing  as  we 
will  hear  in  this  conference. 

IV.  MAGNETS  OF  THE  RELATIVISTIC 
HEAVY  ION  COLLIDER  (RHIC) 

Construction  and  testing  of  the  RHIC  magnets  will  be 
presented  in  a  next  talk  by  P.  Wanderer  [9]  and  more 
details  will  be  given  at  this  conference. 

The  cross-section  of  the  main  dipole  is  shown  in  Fig.  1. 
The  design  is  very  clever  in  its  simplicity  with  coils  wound 
in  only  one  layer  of  a  30  strand  cable  and  coil  clamping 
provided  by  the  steel  laminations  of  the  yoke  assembled  in 
’’collars"  style  and  encased  by  a  stainless  steel  shrinking 
cylinder.  The  design  of  the  quadrupoles  follows  the  same 
principles.  After  intense  R&D  at  BNL  the  series 
manufacturing  of  dipoles  and  quadrupoles  was  entrusted  to 


a  firm,  to  which  the  required  technology  was  transferred. 
Complete  dipoles  in  their  cryostat  are  delivered  to  BNL  by 
the  industrial  company.  On  the  contrary,  the  quadrupole 
magnets  (manufactured  by  the  same  firm),  the  sextupoles 
(manufactured  by  another  company),  the  corrector  coil 
assemblies  (manufactured  at  BNL)  and  the  beam  position 
monitors  are  all  combined  into  cold  mass  units  and  inserted 
into  common  cryostats  at  the  Laboratory. 
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Figure  1:  Cross-section  of  RHIC  dipole  cold  mass. 

The  production  of  all  these  components  is  successfully 
proceeding  according  to  schedule  and  the  first  important 
milestone  of  30  produced  dipoles  was  passed  in 
September  1994.  All  these  magnets  and  several  others 
have  been  tested  and  measured  and  are  now  installed  in  the 
RHIC  tunnel.  The  quench  performance  shows  that  these 
magnets  have  a  good  margin  with  respect  to  the  specified 
operation  field. 

V.  LARGE  HADRON  COLLIDER  (LHC) 
MAGNETS 

The  up-to-date  design  of  the  Large  Hadron  Collider  will 
be  presented  at  this  conference  by  L.  Evans. 

A  re- optimization  of  the  accelerator/collider  with  the 
aim  of  maximizing  global  dipole  occupancy  in  the  arcs  led 
to  a  new  lattice  based  on  23  cells  per  octant  and  three 
main  dipole  magnets  per  half-cell.  The  layout  of  the  new 
standard  half-cell  is  shown  in  Fig.  2.  Considerations  on 
beam  stability,  reliability  and  cost  has  led  to  some 
changes  in  the  magnet  characteristics.  The  coil  aperture  is 
increased  from  0  50  mm  to  0  56  mm  and  the  magnetic 
length  of  the  dipole  units  is  extended  to  14.2  m.  The 
operational  field  of  the  dipoles  is  8.4  T  for  a  proton  beam 
energy  of  7.0  TeV  [10, 11]. 

A.  Dipoles 
1.  Main  features 

The  main  parameters  of  the  dipole  magnet  are  listed  in 
Table  II  and  the  cross-section  is  shown  in  Fig.  3. 
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The  basic  design  features  of  the  first  R&D  dipoles 
which  have  been  confirmed  by  the  results  of  the  R&D 
programme,  i.e.  cooling  with  superfluid  helium  at  1.9  K, 
two-in-one  configuration,  two-layer  coils,  aluminium  alloy 
collars  common  to  both  apertures,  vertically  split  yoke  and 
stainless  steel  shrinking  cylinder  are  maintained.  With 
respect  to  the  first  generation  R&D  dipoles  a  number  of 
changes  have  been  introduced  in  the  new  design  to  match 
the  larger  aperture  and  the  reduced  field  requirements  and 
to  make  the  construction  simpler.  The  cable  width  is 
reduced  from  17  mm  to  15  mm. 


53.239 


Figure  2:  Schematic  layout  of  the  LHC  half-cell. 
MB:  Dipole  magnets.  MQ:  Lattice  quadrupoles. 

MQSC:  Skew  quadrupoles.  MQC:  Octupole 

MSB:  Combined  sextupole  and  dipole  corrector. 

BPM:  Beam  position  monitor. 

-  o  -:  Local  Sextupole  or  decapole  corrector. 

Table  II 

Dipole  Parameters 


Operational  field 

8.4 

T 

Coil  aperture 

56 

mm 

Magnetic  length 

14.2 

m 

Operating  current 

11 '500 

A 

Operating  temperature 

1.9 

K 

Coil  turns  per  aperture  inner  shell 

30 

outer  shell 

52 

Distance  between  aperture  axes 

180 

mm 

Outer  diameter  of  cold  mass 

580 

mm 

Overall  length  of  cold  mass 

15 

m 

Overall  mass  of  cryomagnet 

31 

t 

Stored  energy  for  both  channels 

7.4 

MJ 

Self-inductance  for  both  channels 

119 

mH 

Resultant  of  e-magnetic  forces  in  the 

first  coil  quadrant  SFx  (1.70  MN/m) 

24.0 

MN 

inner  layer  XFy  (-  0.14  MN/m) 

-2.0 

MN 

outer  layer  ZFy  (-  0.60  MN/m) 

-8.5 

MN 

Axial  e-magnetic  force  on  magnet  ends 

0.52 

MN 

The  number  of  yoke  parts  is  reduced  from  4  to  2  making  the 
structure  less  sensitive  to  dimensional  tolerances  on 
stacked  laminated  assemblies.  The  wanted  field 
distribution  at  all  field  levels  is  maintained  by  the  insertion 
of  magnetic  steel  pieces  in  the  collars.  These  steel  inserts, 
punched  out  of  the  6  mm  thick  steel  sheet  of  the  yoke 
laminations,  are  at  the  same  time  used  to  firmly  lock  pairs 
of  collars  together. 

Strands  (0  1.065  mm  for  inner  layer  and  0  0.825  mm  for 
outer  layer)  and  cables  of  the  new  design  have  already 


been  produced  and  delivered  to  CERN.  One  particular 
problem  is  that  of  current  sharing  among  strands  distorting 
the  magnetic  field  during  ramping.  The  effect  at  injection 
field  would  be  acceptable  with  a  contact  resistance  ranging 
between  6  and  10  pQ.  An  interstrand  resistance  of  10  p£2 
has  been  set  as  the  goal  of  a  development  programme.  A 
number  of  coating  materials  for  the  cable  strands,  as  well 
as  resistive  barriers  are  under  investigation. 

The  expected  field  errors  originated  by  the  coil  and 
yoke  configuration  are  well  within  the  requirements  at 
all  field  levels.  The  computed  persistent  current  sextupole 
and  decapole  components  at  injection  field 

0.56  T)  are 


Figure  3:  Cross-section  of  LHC  dipole  in  its  cryostat, 

1.  Beam  screen,  2.  Beam  pipe,  3.  Superconducting  coils, 
4.  Non-magnetic  collars,  5.  Iron  yoke,  6.  Shrinking 
cylinder/Hell  vessel,  7.  Sc.,  bus-bars,  8.  Heat  exchanger 
pipe,  9.  Radiative  insulation,  10.  Thermal  shield  (55  to 
75  K),  11.  Vacuum  vessel,  12.  Support  post,  13.  Alignment 
target,  14.  1.8  K  GHepipe,  15.  20K  GHepipe,  16.  4.5  K 
GHe  pipe,  17.  2.2  K  GHe  pipe,  18.  50^75  K  GHe  pipe. 

-  3.58  X  lO'"^  and  0.18  x  10“"^  respectively  (in  units  of  lO'"^ 
of  Bo  at  r  =  1  cm).  These  systematic  error  components  are, 
however,  corrected  by  small  sextupole  and  decapole 
magnets  located  at  each  dipole  end.  More  studies  are 
necessary  on  some  effect  of  persistent  and  eddy  currents  at 
injection,  in  particular  concerning  the  skew  quadrupole 
component.  Great  care  must  be  applied  in  the 
interpretation  of  the  magnetic  measurements  at  this  low 
field:  e.g,  in  the  presence  of  the  above  mentioned  persistent 
current  sextupole,  a  1  mm  misalignment  of  the  measuring 
coil  with  respect  to  the  dipole  axis  (which  is  quite 
possible)  produces  an  apparent  skew  or  normal  quadrupole 
of  0.7  units,  having  a  sign  which  depends  on  the  direction 
of  the  probe  coil  eccentricity. 

The  quench  protection  system  is  based  on  the  so-called 
"cold  diode"  concept  [12],  The  diodes  will  be  installed  in 
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the  Hell  cryostat  of  each  dipole  and  quadrupole  unit.  In 
each  twin  dipole,  a  set  of  two  series  connected  diodes  is 
connected  across  the  terminal.  This  solution  provides  safe 
blocking  voltage  at  ramp  and  a  welcome  redundancy:  in 
case  of  failure  of  one  diode,  the  LHC  can  still  run  albeit  at 
reduced  ramp  rate. 

2.  Status  of  R&D  programme 

a)  Twelve  1.3  m  long  dipole  models  have  been  constructed 
and  tested.  Initially  all  models  were  built  in  industry,  then 
a  magnet  building  facility  was  set  up  at  CERN  about  three 
years  ago,  because  of  the  need  for  detailed  investigations 
and  rapid  turnaround.  One  twin-aperture  and  two  single¬ 
aperture  models  were  built  in  Japan  by  KEK  in 
collaboration  with  industrial  companies  [13].  Detailed 
results  of  several  models  have  been  reported 
elsewhere  [14,  15].  No  difference  in  quench  performance 
was  seen  between  single-aperture  and  twin-aperture  models. 
All  models  have  largely  exceeded  9  T,  with  the  best 
reaching  10.5  T.  The  last  single  aperture  KEK  magnet, 
tested  in  February  1995,  attained  the  conductor  short 
sample  limit  at  10.2  T  at  1.95  K  after  twelve  training 
quenches  [16].  A  twin-aperture  model  built  at  CERN  with 
SSC  cables  presented  a  quench  behaviour  similar  to  that  of 
the  other  models,  reaching  the  conductor  short  sample  limit 
at  9.65  T  after  training.  In  all  these  magnets  as  well  as  in 
the  10  m  long  prototypes  the  great  majority  of  quenches 
started  in  the  magnet  ends  or  in  the  region  of  the  splice 
between  the  coil  inner  and  outer  layer  [17].  The  short 
model  programme  at  CERN  is  therefore  now  concentrated 
on  improving  these  critical  regions. 

b)  After  the  success  of  the  first  10  m  long  magnet,  named 
TAP,  made  with  HERA-type  coils  mounted  in  a  twin- 
aperture  structure,  seven  10  meter  long  prototypes  have 
been  ordered  to  industry  and  the  first  four  have  been 
delivered  and  tested  at  CERN.  The  first  two,  CERN-INFNl 
(MTPlAl)  and  CERN-INFN2  (MTP1A2),  were  funded  by 
the  Italian  "Istituto  Nazionale  di  Fisica  Nucleare”  (INFN). 
The  quench  behaviour  of  the  tested  magnets  is  shown  in 
Fig.  4.  In  the  first  three  magnets  all  quenches  occurred  at 
"singular"  places,  the  splice  and  the  coil  ends,  as  in  short 
model  magnets.  The  fourth  one,  MTPINI,  manufactured 
by  a  different  company,  had  a  different  behaviour. 
Training  was  longer,  and,  contrary  to  the  previous 
experience  in  short  and  long  magnets,  all  quenches  started 
in  the  regular  straight  part,  almost  all  in  the  outer  layer  of 
the  same  pole  of  one  aperture.  As  this  indicates  the 
existence  of  a  weak  point,  it  has  been  decided  to 
disassemble  this  magnet  and  to  reassemble  it  at  CERN  in 
order  to  find  out  the  cause  of  the  anomaly.  On  the  other 
hand,  this  magnet  had  a  different  design  of  the  splice 
region,  probably  a  good  one,  since  no  quench  occurred 
there.  The  field  distribution  and  orientation  were  measured 
in  the  first  three  magnets  in  both  apertures  in  1 1  positions 
along  the  longitudinal  axis,  at  three  field  levels,  0.58  T,  6  T 
and  8.65  T  at  1.9  K  and  at  room  temperature.  The 
multipole  errors  are  close  to  the  expected  values  in  both 


apertures.  The  orientation  and  parallelism  of  the  B  vector 
was  also  measured:  the  first  magnet  exhibits  some  torsion 
lOmrad),  the  second  and  the  third  a  negligible  amount, 
further  in  all  three  the  parallelism  of  the  B  vectors  is 
better 


Figure  4:  Quench  history  of  the  first  four  10  m  long 
prototype  LHC  dipoles. 

than  0.2  mrad  (Fig.  5).  The  correlation  between  measure¬ 
ments  taken  at  room  temperature  and  at  1.9  K  was  found  to 
be  very  good,  both  concerning  multipole  errors  and  field 
orientation,  in  all  three  magnets.  The  quench  protection 
system  worked  satisfactorily  and  the  maximum 
temperatures  and  voltages  were  as  expected. 

The  first  two  dipoles  are  now  installed,  together  with  a 
prototype  short  straight  section,  in  a  "string"  test  facility 
simulating  the  basic  half-cell. 
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Figure  5:  Field  orientation  in  both  apertures  of  MTPlAl, 
A2  and  A3  prototypes. 

B.  Quadrupoles 

The  main  parameters  of  the  lattice  quadrupoles  are 
listed  in  Table  III.  Two  full  size  quadrupoles  of  56  mm 
aperture  and  3  m  length  have  been  designed,  constructed 
and  tested  at  CEN,  Saclay  (F)  in  the  frame  of  a  CERN- 
CEA  Collaboration  [18].  The  design  gradient  was  reached 
for  the  two  magnets  after  very  few  training  quenches 
(Fig.  6). 

In  one  of  these  quadrupoles  an  experience  of  field 
modulation  has  been  successfully  performed,  as  a 
preparation  for  the  precise  measurement  of  the  LHC  beam 
position  with  respect  to  the  magnetic  axis  of  the 
quadrupoles,  the  so-called  k-modulation  method  [19].  This 
is  particularly  important  for  a  superconducting  machine,  in 
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which  the  quadrupole  magnet  axis  is  difficult  to  report  to 
the  external  fiducials. 

Table  IV 

Main  Parameters  of  LHC  lattice  quadrupole  magnets 


Operational  field  gradient 

220 

T/m 

Coil  aperture 

56 

mm 

Magnetic  length 

3.00 

m 

Operating  temperature 

1.9 

K 

Distance  between  aperture 

180 

mm 

axes 

Yoke  outer  diameter 

-450 

mm 

C.  Continuation  of  the  R&D  programme 


The  other  three  10  m  long  magnets  will  be  delivered  to 
CERN  in  the  coming  months.  Short  models  of  the  new 
design  are  being  manufactured  at  CERN.  Ten  metre  long 
collared  coils  and  other  components  have  been  ordered  to 
industry.  Manufacturing  of  a  final  length  (Lm  =  14.2  m) 
prototype  has  started  in  the  frame  of  a  new  collaboration 


Figure  6:  Quench  history  of  the  two  prototype  quadrupoles. 

VI  PERSPECTIVES  FOR  HIGHER  FIELDS 

The  quest  for  higher  fields  continues  to  be  motivated  by 
economy  in  space,  capital  investment  and  operation  cost, 
but  the  way  is  a  very  difficult  uphill  one  [20]. 

A  11.5T  twin-aperture  model  using  NbjSn 
superconductor  has  been  designed  by  a  FOM-UT-NIKHEF- 
CERN  collaboration  [21].  A  single-aperture  version  of  this 
magnet  is  at  the  final  assembly  stage  and  results  should 
come  very  soon.  At  LBL  an  experimental  dipole,  called 
D20,  designed  for  a  central  field  of  13  T  and  featuring  a 
4  layer  coil  wound  with  Nb5Sn  conductor  is  in  an  advanced 
assembly  phase  [22].  A  dipole  for  the  same  design  field 
had  been  studied  at  DESY.  Thirteen  tesla  is  probably  the 
highest  field  which  could  be  achieved  in  the  classical 
cos  (p  coil  configuration  using  NbjSn  superconductor. 
"Block-coil  Dual  Dipoles"  or  the  so-called  "Pipe  Dipole", 
as  proposed  by  LBL  and  TAG  [23],  may  be  the  way  in  the 


future  to  reach  higher  fields,  perhaps  using  new  HTS 
superconductors  when  they  become  available  in  technically 
usable  form.  If  working  models  based  on  these  concepts 
would  be  built,  a  lot  of  interesting  ideas  could  be  tested, 
e.g.  the  proposed  porous  inorganic  insulation.  In  the 
author’s  opinion,  such  high  field  magnets  may  find 
applications  for  special  use  where  a  few  units  of 
exceptional  characteristics  are  indispensable  or  produce 
large  benefits.  The  first  practical  application  could  be  in 
second  generation  low-beta  quadrupoles  for  the  LHC. 

Large  scale  applications  of  the  size  of  the  LHC  do  not 
appear  feasible  in  a  near  future.  The  use  of  NbTi 
superconductors  has  permitted  a  factor  5  gain  in  beam 
energy  for  the  same  accelerator  size.  To  gain  another 
factor  five  is  impossible;  a  factor  two,  requiring  about  17  T 
central  field,  may  be  thought  of,  but  will  require  a 
tremendous  R&D  effort. 
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Assembly  and  Commissioning  of  the  LHC  Test  String 

P.  Faugeras,  for  the  LHC  String  Team,  CERN,  121 1 -Geneva  23,  Switzerland 


I.  INTRODUCTION 

The  LHC  Project  incorporates  novel  design  features 
which  are  particularly  challenging:  twin  aperture  supercon¬ 
ducting  magnets  with  a  stored  energy  higher  than  5  MJ  per 
magnet  and  working  in  a  bath  of  superfluid  helium.  It  was 
therefore  decided  in  1991  to  order  several  full  length  proto¬ 
type  magnets,  and  install  them  in  a  test  string,  to  demonstrate 
the  feasibility  of  the  LHC.  This  paper  describes  the  String 
assembly  in  its  first  phase,  which  consists  of  a  short  straight 
section  with  its  quadrupole  and  of  two  dipoles,  together  with 
the  necessary  cryogenics  and  powering.  One  will  then  give 
the  first  commissioning  results  as  well  as  future  plans. 


IL  THE  STRING  PHASE  1 

It  was  originally  foreseen  to  build  a  string  made  of  one 
quadrupole  and  four  dipole  magnets,  which  corresponded  to  a 
full  LHC  half-cell  at  that  time,  [1].  In  fact,  as  the  delivery  of 
the  10  m  long  dipole  prototypes  was  delayed,  it  was  decided 
to  install  the  String  with  first  the  quadrupole  and  only  two 
dipoles,  which  are  sufficient  for  assessing  the  validity  of  the 
main  design  choices.  Similarly,  the  correction  elements  such 
as  sextupoles,  tuning  quadrupoles,  closed  orbit  correctors 
which  are  normally  in  the  short  straight  section,  (SSS)  of  the 
LHC  lattice,  were  replaced  by  dummies  in  the  prototype  SSS. 

Fig.  1  shows  a  schematic  of  the  overall  installation. 
The  String  starts  with  the  String  Feed  Box,  (SFB),  which  is  a 
large  tank  under  vacuum,  containing  cryostat,  helium  heat 


exchanger ,  all  the  valves  and  regulators  which  are  necessary 
for  feeding  the  superconducting  magnets  with  the  different 
cryogenic  fluids.  Several  pairs  of  current  leads  are  mounted 
on  the  large  upper  flange  of  the  SFB,  both  for  the  dipole  and 
quadrupole  excitation  (15  kA),  and  for  powering  later  on  the 
correction  elements  (500  and  1500  A). 

The  SSS  is  connected  directly  to  the  SFB  and  is  follo¬ 
wed  on  the  other  side  by  the  dipole  magnets.  The  String  ends 
with  the  String  Return  Box  (SRB),  which  closes  the  string 
cryostat  vacuum  and  which  contains  the  short  circuits  for  the 
electrical  busbars,  as  well  as  some  cryogenic  valves. 

The  SFB  is  also  connected  to  the  central  cryogenic 
station  as  well  as  to  an  additional  device,  called  Cooling  and 
Warming-up  Unit,  (CWU),  which  provides  gaseous  helium  at 
adjustable  temperature  and  pressure,  for  both  cooling  and 
warming  up  of  the  String.  An  insulated  reservoir  installed 
behind  the  SFB  is  used  for  recuperating  the  gaseous  helium 
which  is  ejected  from  the  String  during  a  magnet  quench. 

The  power  converter,  (15  kA,  20  V),  the  two  safety 
switches  and  the  dump  resistors  are  close  to  the  SFB  and 
interconnected  with  several  water-cooled  cables  in  parallel. 

IIL  MECHANICAL  ASSEMBLY 

To  reproduce  the  worst  conditions  one  can  find  in  the 
LEP  tunnel,  where  LHC  will  be  installed,  the  test  String  was 
built  on  a  concrete  beam,  as  wide  as  the  LEP  tunnel  and  with 
a  slope  of  1.4%.  The  support  beam  is  110  m  long  which 
allows  future  extension  of  the  String  to  a  full  LHC  lattice 
cell.  As  it  was  originally  foreseen  to  install  the  LHC  machine 
above  the  LEP  collider,  all  the  String  elements  are  mounted 
on  r  shaped  supports,  which  brings  the  cryostat  axes  at  about 
1.5  m  above  the  floor  level  and  leaves  underneath  sufficient 
free  space  for  LEP  components. 

The  SFB  and  the  SRB,  which  are  described  in  more 
details  in  [2],  were  assembled  and  fully  tested  at  1.8  K,  in 
another  hall  before  being  installed  in  the  String. 

As  compared  to  the  original  design,  [3],  the  SSS  cold 
mass  prototype  contains  dummy  steel  masses  of  equivalent 
thermal  capacity  in  place  of  the  corrector  magnets.  Quench 
protection  diodes  for  the  main  quadrupole  and  auxiliary 
diodes,  for  protecting  the  dipoles  against  overvoltages 
produced  by  quench  heater  delays,  (see  chapter  4),  are  also 
mounted  inside  the  SSS  cold  mass.  The  SSS  was  built  on  a 
separate  bench  and  tested  for  vacuum  tightness  but  not 
cryogenically  before  installation,  the  main  quadrupole  having 
being  tested  before  at  Saclay  on  its  own  at  1.8  K. 

The  two  dipole  prototypes,  [4],  were  produced  by 
industry  and  fully  tested  at  CERN,  both  cryogenically  and 
magnetically,  in  the  same  hall  as  the  String,  and  prepared 
there  for  their  installation  in  the  String  which  included  the 
adjustment  of  the  electrical  busbars  to  the  right  shape  and 
length,  the  welding  of  bellows  and  the  cleaning  of  the  two 
cold  bores. 
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Magnet  Interconnections 

The  String  forms  in  fact  a  single  cryostat,  containing 
all  the  cryogenic  lines  necessary  for  its  operation:  a  cryo- 
magnet  must  then  be  connected  at  both  extremities  to  another 
one  and/or  to  the  SFB  or  SRB  before  being  cooled  down  and 
powered.  The  magnet  interconnections  are  very  critical  for 
LHC,  because  the  space  needed  to  weld  together  the  large 
number  of  pipes  must  be  kept  as  short  as  possible,  in  order  to 
maximize  the  active  length  of  the  final  LHC.  At  the  same 
time,  the  magnet  interconnections  must  cope  with  the 
mechanical  tolerances  and  alignment  errors,  be  designed  to 
absorb  the  30  mm  magnet  contraction  during  cool-down, 
while  being  able  to  withstand  the  20  bars  pressure  rise  which 
may  be  produced  during  a  magnet  quench,  [5]. 

In  the  present  cryostat  design,  see  fig.  2,  the  14  pipes 
are  interconnected  in  a  space  440  mm  long,  for  a  cryostat 
inner  diameter  of  960  mm.  It  should  be  noted  however  that 
the  magnets  are  not  yet  equipped  with  a  beam  screen  in  each 
cold  bore,  which  simplifies  somewhat  the  junction.  An  all- 
welded  construction  has  been  chosen,  as  this  is  the  best  long 
term  reliable  solution  against  helium  leaks,  [6]. 

The  interconnection  is  started  by  brazing  the  main  and 
auxiliary  electrical  busbars,  and  by  insulating  the  resulting 
junctions.  The  pipes  are  then  TIG-welded  together  with  one 
of  two  special  orbital  machines  which  cover  the  whole  range 
of  diameters  (50  to  180  mm).  Another  orbital  machine  allows 
the  pipes  to  be  cut,  if  necessary. 

The  tightness  of  the  junctions  is  insured  by  monitoring 
the  welding  parameters  and  also  by  visual  inspection. 
Whenever  possible,  local  and  global  leak  tests  are  performed, 
in  some  cases  by  inverting  the  direction  of  the  pressure.  The 
innermost  pipes  are  welded  first  and  one  finishes  by  the 
installation  of  the  quench  relief  valve,  which  is  not  welded 
but  bolted  to  the  magnet  cold  mass,  so  that  it  can  be  easily 
changed  in  case  of  blockage.  The  actuator  of  the  valve  is 
linked  to  the  valve  body  via  a  long  rod  passing  through  the 
various  screens  and  the  vacuum  tank. 

The  magnet  interconnection  is  completed  by  installing  the 


Fig.  2:  Schematic  view  of  magnet  interconnection 


Fig.  3:  Overall  view  of  the  LHC  String  in  SM18 


superinsulation,  and  by  insuring  the  continuity  with  the 
neighboring  screens.  The  outer  tanks  are  closed  by  a  sliding 
cylinder  fitted  with  a  large  bellows  for  flexibility.  Fig.  3 
shows  a  picture  of  the  String,  seen  from  the  top  of  the  SFB. 

Vacuum  performance 

The  String  is  pumped  with  two  large  turbomolecular 
pumps,  one  attached  to  the  SFB,  the  other  in  the  middle  of 
the  String.  A  vacuum  barrier,  [3],  installed  at  the  front  face  of 
the  SSS  cold  mass,  allows  separation  of  the  SFB  vacuum 
from  the  rest  of  the  string.  This  has  proven  to  be  very  useful 
when  checking  the  whole  String  for  helium  tightness.  In  fact, 
only  one  leak  was  found  between  the  SSS  and  the  SFB.  It 
was  due  to  a  corrosion  problem  and  could  be  repaired  in  situ. 
Otherwise,  all  the  welded  junctions  in  the  interconnections 
were  perfectly  leak  tight. 

Once  the  pressure  of  the  insulation  vacuum  was  below 
10  '  Torr,  a  global  leak  test  was  performed  by  pressurizing  all 
the  cold  masses  and  the  internal  cryogenic  lines  to  19  bars 
with  gaseous  helium.  No  leak  was  observed.  This  pressure 
test  also  served  as  a  safety  test  to  demonstrate  the  capability 
of  the  whole  String  to  withstand  the  high  pressures  generated 
during  a  magnet  quench. 

When  pumping  down  the  String  for  the  first  time,  it 
took  about  a  week  to  reach  a  pressure  in  the  lO"  Torr  range, 
because  of  the  humidity  accumulated  in  the  superinsulation 
layers.  When  cooling  the  String  to  80K,  the  10^  Torr  range  is 
obtained.  The  beam  vacuum  is  separated  from  the  insulation 
vacuum  and  is  usually  better  than  10  '  Torr. 
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III.  CRYOGENIC  PERFORMANCE 


Cooling  the  string  can  be  started  when  the  insulation 
vacuum  is  low  enough,  i.e.  in  the  10^  -10^  Tort  range.  It  is 
made  in  3  phases,  using  the  equipment  and  procedures  as 
described  in  ref.  [2]. 

The  first  phase  implies  the  use  of  the  Cooling  and 
Warming-up  Unit,  (CWU),  which  produces  gaseous  cold 
helium  at  a  pressure  around  10  bars.  This  gas  is  injected  in 
the  pipes  attached  to  the  radiation  shield  and  in  the  magnet 
cold  masses  though  the  SFB.  Its  temperature  is  controlled  in 
the  CWU  with  a  liquid  heat  exchanger  and  is  adjusted  to 
50  K  below  the  highest  temperature  measured  in  the  magnet 
cold  masses.  Fig.  4  shows  the  resulting  magnet  temperature 
variations.  The  temperature  gradient  limit  of  50  K  was 
chosen  so  as  to  avoid  excessive  mechanical  stresses  and 
possible  magnet  deformation  during  cool-down.  This  limit 
could  in  fact  be  applied  to  each  magnet  individually,  as  the 
temperature  front  is  almost  perpendicular  to  the  string  axis 
and  propagates  longitudinally.  This  would  reduce  somewhat 
the  time  required  for  this  phase. 

When  the  80  K  level  is  reached,  the  helium  gas  flow  is 
stopped  in  the  cold  masses,  but  is  maintained  in  the  pipes 
attached  to  the  radiation  shield.  The  second  cooling  phase, 
from  80  K  to  4.5  K,  was  done  first  by  filling  the  large 
cryostat  inside  the  SFB  with  liquid  helium  at  4.5  K  and  by 
letting  this  liquid  vaporize  at  1  bar  in  the  magnet  cold 
masses,  until  the  4.5  K  level  is  reached  and  the  cold  masses 
filled  with  liquid.  A  more  efficient  and  faster  way  was  also 
used  and  is  illustrated  in  the  second  graph  of  fig.  4:  by 
suitably  pressurizing  the  cold  masses  and  the  SFB  internal 
cryostat,  one  can  cool  with  supercritical  helium,  which 
allows  4.5  K  to  be  reached  in  some  15  hours  for  the  whole 
string.  The  internal  pressure  is  brought  back  to  1  bar  or  less 
at  the  end  of  the  phase,  which  fills  all  the  magnet  with  liquid. 
Note  that  the  temperature  spikes  at  the  end  of  this  phase  were 
due  to  an  insufficient  level  of  liquid  helium  in  the  large 
storage  Dewar  of  the  central  cryogenic  station  and  not  to 
problems  in  the  String.  In  total,  about  700  1  of  liquid  helium 
are  needed  for  completely  filling  the  String,  including  the 
SFB  cryostat,  which  corresponds  well  with  the  calculated 
value  of  25  1  of  liquid  per  metre  of  dipole. 

The  last  cooling  phase  is  quite  fast:  by  lowering  to  10- 
15  mbar  the  pressure  in  the  technical  service  module  located 
in  front  of  the  SSS,  [3],  the  liquid  helium  inside  it  becomes 
superfluid  and  the  Hell  heat  exchanger,  which  runs  across  the 
cold  masses  of  the  String  starts  to  operate,  [2].  The  magnets 
are  cooled  down  to  the  1.8  K  level  simultaneously  in  3  hours 
about,  (see  last  curve  of  Fig.  4). 

One  has  also  verified  the  response  of  this  Hell  heat 
exchanger  to  an  external  heat  load.  When  dissipating  9  W  in 
each  magnet,  which  simulates  more  than  the  heat  which  may 
be  deposited  by  the  proton  beams,  [1],  the  regulation  system 
opens  the  Joule-Thomson  valve  which  controls  the  primary 
helium  flow  of  the  heat  exchanger  and  keeps  the  temperature 
changes  in  the  String  below  0.1  K.  This  clearly  demonstrates 
the  efficiency  of  this  important  system  for  LHC. 


Fig.  4:  LHC  String  Cooling  Phases 
Magnet  Temperatures:  1-  SSS  entrance;  2-  Dipole  1  entrance 
3-  Dipole  2  entrance;  4-  Dipole  2  exit 

In  total,  two  complete  String  cooling  sequences  have 
been  performed  so  far:  with  the  present  refrigeration  capacity 
one  needs  about  five  days  to  cool  down  to  1.8  K  from  300K, 
if  there  are  no  problems.  The  end-of-the-year  shutdown  was 
an  opportunity  to  test  also  the  warming-up  sequence,  which, 
with  the  same  temperature  gradient  limit  of  50  K,  was  found 
to  take  slightly  less  than  five  days.  These  results  are 
important,  as  they  allow  reliable  extrapolation  to  determine 
the  time  which  will  be  required  for  cooling  and  warming-up  a 
full  octant  of  the  final  LHC  machine,  and  to  design 
accordingly  the  cryogenic  plants. 
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IV.  POWERING  AND  QUENCH  PROTECTION 

A  simplified  electrical  circuit  of  the  String  is  shown  in 
Fig.  5.  The  power  converter  (20  V,  15  kA),  is  unipolar  and 
has  an  internal  current  regulation  loop,  which  allows  adjust¬ 
ment  of  the  current  ramp  rate  within  the  voltage  limits.  It  is 
paralleled  by  free-wheel  diodes  and  grounded  through  a  1 
resistor.  Two  switches,  between  the  power  converter  and  the 
String  can  open  the  circuit,  namely  a  fast  thyristor  switch  and 
a  slower  mechanical  circuit  breaker.  Each  is  paralleled  by  a 
resistor,  which  allows  quick  discharging  the  circuit  in  case  of 
a  quench.  Water-cooled  cables  connect  the  power  supply  and 
switches  to  the  main  current  leads  on  top  of  the  SFB. 


Water-cooled  Quadrupole  Dipole  1  Dipole  2 

cables  8  mH  58  mH  58  mH 


Fig.  5:  Equivalent  electrical  circuit  of  the  String 

The  principle  of  the  quench  protection  system  is 
descibed  in  ref.  [7].  Voltage  taps  are  used  to  constantly 
monitor  the  voltage  across  each  magnet  half  coil.  When  a 
voltage  difference  exceeding  a  preset  value  appears  between 
two  half-coils  or  between  two  coils  of  the  same  magnet,  or  in 
between  two  magnets,  the  quench  protection  is  triggered: 

•capacitor  banks  are  discharged  in  heaters  inside  all 
magnets,  inducing  a  resistive  transition  in  the  whole  String, 
•the  quench  relief  valves  are  opened, 

•the  two  circuit-breakers  are  opened  and  the  power 
supply  is  stopped. 

As  the  whole  String  makes  a  resistive  transition  when 
the  quench  protection  is  fired,  protection  diodes  across  each 
magnet  are  not  mandatory.  They  were  nevertheless  installed 
across  the  main  quadrupole,  to  gain  experience.  In  the  case  of 
the  dipoles,  it  was  realized  lately  that  different  delays  in  the 
resistive  magnet  transition  when  firing  the  quench  heaters 
may  induce  excessive  voltages  across  the  magnet,  [8].  The 
remedy  was  to  install  auxiliary  diodes  in  the  quadrupole  cold 
mass  and  connect  one  diode  across  each  dipole  with  some  of 
the  auxiliary  busbars  running  along  the  String,  (  see  fig.  5). 

V.  CONTROLS  AND  DATA  ACQUISITION 

The  control  system  for  the  String  is  essentially  based 
on  industrial  control  technology,  each  subsystem  having  its 
own  Programmable  Logic  Controller,  (PLC),  [9].  Whenever 
possible,  the  PLC  was  bought  with  the  equipment  it  had  to 
control,  as  for  example  for  the  CWU.  Others,  like  the  one  for 
the  SFB,  which  were  more  difficult  to  specify,  have  been 


designed  in-house.  The  supervision  of  the  String  PLCs  makes 
use  of  a  workstation  running  conunercial  software  packages, 
such  as  FactoryLink,  (TM).  This  type  of  controls  has  been 
found  to  be  very  efficient  and  has  allowed  the  final  String 
commissioning,  that  is  the  first  rise  to  the  nominal  current  as 
well  as  the  24  hour  run,  to  be  performed  entirely  remotely 
from  the  String  control  room. 

It  was  also  realized  very  early  that  a  high  performance 
data  acquisition  system  was  essential  for  running  the  String 
and  analyzing  the  experimental  data.  This  system  was 
entirely  built  by  industry,  [10],  and  is  made  of  two  parts: 

•  the  archiver,  which  can  monitor  continously  up  to  450 
channels  at  sampling  rates  ranging  from  seconds  to  hours, 

•  an  externally  triggered  transient  recorder,  which  can 
sample  some  of  the  above  channels  at  rates  of  up  to  100  Hz. 

Both  types  of  data  are  stored  locally  for  some  time, 
but  are  periodically  transferred  to  a  central  Oracle  (TM)  data 
base,  and  can  then  be  retrieved  and  analyzed  on  an  EXCEL 
sheet  for  instance  from  any  PC  of  the  CERN  network. 

VI.  GLOBAL  TESTS  AND  EXPERIMENTS 

Commissioning  of  the  String  was  done  in  successive 
steps.  The  power  converter  and  the  two  switches  were  tested 
first  on  a  short  circuit.  After  having  checked  the  voltage 
insulation  of  the  whole  String  against  earth,  the  quench 
protection  was  fired  with  the  String  powered  at  1  kA.  This 
has  allowed  verification  of  the  interlocks  matrix  logics  and  to 
eliminate  transient  voltage  spikes  induced  by  opening  the 
thyristor  switch.  The  same  experiment  was  repeated  at  5  kA, 
to  verify  that,  when  fired,  the  quench  heaters  indeed  induce  a 
resistive  transition  in  each  magnet  (at  this  level,  the  dipoles 
are  still  self-protected).  A  global  test  of  the  system  at  7  kA 
completed  this  phase. 

The  String  was  then  ready  to  be  powered  up  to  the 
LHC  nominal  current,  i.e.  12’350  A.  The  current  was  ramped 
at  5  A/s  from  0  to  9  kA  and  at  2  A/s  above.  The  first  attempt 
was  stopped  by  a  quench  in  Dipole  2  at  12’ 200  A.  Although 
somewhat  frustrating,  this  clearly  demonstrated  the  perfect 
functioning  of  the  quench  protection  system.  The  String  then 
reached  the  nominal  LHC  current  on  the  second  attempt. 
This  was  followed  by  a  long  run,  (Fig.  6),  in  which  the 
String  was 


Fig.  6:  First  part  of  the  24  hour  run  of  the  String 
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powered  for  24  hours  at  12’ 350  A  without  problem.  Fig.  6 
shows  that  the  magnet  temperatures  increase  slightly  when 
ramping  the  current  but  were  stabilized  quite  rapidly,  by  the 
Hell  heat  exchanger  descibed  above.  At  that  time,  the 
thermometers  had  not  yet  been  calibrated  and  in  reality  the 
magnet  temperatures  were  in  fact  about  0.1-0.15  K  higher 
than  those  shown  in  fig.  6. 

After  24  hours  at  nominal  current,  the  String  current 
was  again  raised  at  2  A/s  until  a  quench  occured  in  Dipole  1 
at  13 ’070  A,  i.e.  at  about  9  T,  which  shows  that  there  is  some 
safety  margin  in  the  operating  field  of  the  LHC  magnets.  The 
evolution  of  the  voltages  across  the  different  String  elements 
during  that  quench  can  be  seen  in  Fig.  7,  while  Fig.  8  shows 
the  evolution  of  the  corresponding  magnet  internal  pressures. 
After  calibration,  the  maximum  value  recorded  does  not 
exceed  12  bars,  that  is  less  than  anticipated. 


Eig.  7:  Magnet  voltages  during  the  quench  at  13 ’070  A 
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Fig-  8:  Magnet  pressure  during  the  quench  at  13’070  A 

The  LHC  String  can  be  considered  as  being 
operational.  It  will  now  be  used  to  validate  the  technical 
choices  made  for  LHC  and  to  hopefully  improve  the  machine 
design.  Experiments  are  being  conducted  for  measuring  the 
performance  of  the  cryogenic  system,  for  studying  quench 
propagation,  vacuum  behaviour,  etc.  To  this  end,  the  String 
will  be  completed  with  two  more  magnets,  as  soon  as  they 
become  available. 


On  the  longer  term,  the  SSS  will  be  reconstructed,  to 
incorporate  all  correction  elements  and  the  dipole  magnets 
will  be  replaced  by  14.2  m  long  magnets  in  order  to  have  the 
String  as  close  as  possible  to  the  final  LHC  half-cell,  [11]. 
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CONSTRUCTION  AND  TESTING  OF  ARC  DIPOLES  AND 
QUADRUPOLES  FOR  THE  RELATIVISTIC  HEAVY  ION 
COLLIDER  (RHIC)  AT  BNL* 
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Brookhaven  National  Laboratory,  Upton,  New  York  1 1973-5000  USA 


The  production  run  of  superconducting  magnets  for 
the  Relativistic  Heavy  Ion  Collider  (RHIC)  project  at 
Brookhaven  National  Laboratory  (BNL)  is  well  underway. 
Of  the  288  arc  dipoles  needed  for  the  collider,  more  than  120 
have  been  delivered.  More  than  150  arc  quadrupoles  have 
been  delivered.  All  of  these  magnets  have  been  accepted  for 
RHIC.  This  paper  reports  the  construction  and  performance 
of  these  magnets.  Novel  features  of  design  and  test, 
introduced  to  enhance  technical  performance  and  control 
costs,  are  also  discussed.  Other  papers  submitted  to  this 
Conference  summarize  work  on  the  sextupoles  and  tuning 
quads  [1],  arc  correctors  [2],  and  combined  corrector- 
quadrupole-sextupole  assemblies  (CQS)  [3]. 

I.  ARC  DIPOLES 

A.  Design  and  Construction 

The  arc  dipole  cold  mass,  shown  in  Figure  1,  has  a 
measured  central  field  of  3.40  T  at  5.0  kA  operating  current,  an 
effective  length  of  9.44  m,  and  an  80  mm  bore.  The  NbTi 
filaments  have  a  diameter  of  6  pm,  with  a  minimum  critical  current 
density  of  2600  A/mm^  at  5  T,  4.2  K.  The  cable  is  made  up  of  30 
wires  with  diameter  0.648  mm  [4].  The  32-tum  single-layer  coil 
uses  three  wedges  to  achieve  good  field  quality. 

The  magnet  includes  several  novel  features  designed  to 
reduce  cost  and  improve  quality.  The  tum-to-tum  insulation  of  the 
cable  is  a  double  wrap  of  Kapton  Cl  [5]  polyimide  with  a 
polyimide  adhesive  on  the  outside  of  the  outer  wrap.  This 
insulation  offers  numerous  advantages,  including  better  protection 
against  punch-through  and  coils  with  better  azimuthal  size 
uniformity  than  previous  wraps  using  fiberglass  [6].  When  the 
coils  are  molded,  the  high  temperature  necessary  to  set  the 
adhesive  is  applied  only  briefly  (225  C  for  5  min.  at  minimum 
pressure)  to  avoid  degradation  of  interstrand  resistance.  The  high 
pressure  used  to  size  the  coils  is  applied  as  a  separate  step  at  lower 
temperature  (140  C  for  30  min.).  The  azimuthal  sizes  of  the  coils 
selected  for  a  magnet  differ  by  at  most  25  pm. 

Another  novel  feature  is  the  use,  in  three  places,  of 
injection-molded  parts.  An  RX630  [7]  phenolic  spacer  located 
between  the  coil  and  the  yoke  defines  the  pole  angle,  provides  coil 
insulation  to  ground,  and  reduces  saturation  effects.  The  coil  end 
saddles  and  spacers  are  made  of  high-temperature  Ultem  6200  [8] 
able  to  tolerate  deformation  due  to  the  high  temperatures  of  the 

coil  cure  cycle.  The  three  posts  that  support  the  cold  mass  in  the 
cryostat  are  made  of  Ultem  2100. 

♦Work  supported  by  the  U.S.  Department  of  Energy  under  Contract 
No.  DE-AC02-76CH00016. 


Fig.  1.  Cross  section  of  RHIC  arc  dipole  cold  mass. 


Also  novel  is  the  use  of  the  iron  yoke  as  a  collar  for  the 
coil,  providing  both  prestress  and  flux  return.  The  yoke 
laminations  are  6.35  mm  thick  (to  allow  their  use  as  collars),  with 
dimensional  precision  of  25  pm  maintained  by  the  use  of  fine 
blanking.  The  cold  mass  sagitta  is  large,  46  mm.  A  more  detailed 
description  of  the  magnet  is  given  elsewhere  [9]. 

The  dipoles  are  being  manufactured  by  the  Northrop 
Grumman  Corporation  (NGC)  ready  for  tunnel  installation,  under 
a  build-to-print  contract.  A  total  of  373  80  mm  dipoles  have  been 
ordered:  298  9.44  m  dipoles  (including  10  spares)  and  75  shorter 
dipoles  with  the  same  cross  section  for  use  in  the  insertion  regions. 
The  delivery  rate  is  now  one  per  day,  with  the  entire  order 
scheduled  for  completion  in  June  1996.  A  more  detailed  account 
of  the  manufacturing  process  is  in  preparation  [10]. 

B.  Test  Procedures  and  Results 

Tests  performed  on  all  dipoles  at  room  temperature 
include  hipot,  optical  survey,  and  field  quality.  The  harmonics  and 
field  angle  are  measured  at  the  vendor’s  site  with  a  system 
containing  a  1  m-long  rotating  coil  and  gravity  sensors  ("mole”) 
supplied  by  BNL  [11].  The  integral  field  is  measured  with  a 
stationary  coil,  by  ramping  the  magnet.  Field  quality  measure¬ 
ments  are  made  at  currents  up  to  30A. 

The  horizontal  and  vertical  field  components,  and  By, 
throughout  the  magnet  aperture  are  given  in  polar  coordinates  (r, 
^by 
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B^nB^=lO-^B(R)j2(bn  +  /a^|(cosA20  +/siim0) 

n=0 


where  /  is  the  imaginary  unit  and  B(R)  is  the  magnitude  of  the  field 
due  to  \h&  fundamental  at  the  reference  radius  (R).  In  a  normal 
dipole,  bo=  l(f  and  B(R)  =  In  a  normal  quadrupole,  bj  =  10^ 
and  B  (R)  -  GR  where  G  is  the  gradient  dBy  /dx  at  the  magnet 
center. 

Each  of  the  initial  33  dipoles  was  quench-tested  at  BNL. 
Quench  location  data  from  an  antenna  system  were  taken  for  nearly 
all  magnets.  Field  integrals  were  measured  near  injection  (660  A), 
transition  (1450  A),  and  store  (5  kA).  A  number  of  magnets  had 
additional  tests  to  check  the  quench  performance  after  thermal 
cycling  and  the  AC  and  time-dependent  properties  of  the 
superconductor.  Fortunately,  for  RHIC  operation,  cable  time- 
dependent  characteristics  are  not  significant. 

Following  careful  review  of  the  cold-test  results  from 
these  dipoles  and  of  the  correlation  between  the  field  quality 
measured  at  room  temperature  ("warm”)  and  cold,  the  RHIC 
Project  implemented  a  plan  to  reduce  the  cost  of  cryogenic  testing 
by  cold-testing  only  10%  of  the  remaining  magnets.  Every  tenth 
dipole  is  nominally  scheduled  for  cold  test.  However,  magnets 
with  unusual  construction  histories  are  added  to  or  substituted  for 
the  nominal  magnets  as  the  occasion  arises. 

Dipoles  were  cold-tested  at  4.6  K,  5  atm  He  with  a  mass 
flow  rate  of  100  g/sec.  Conductor-limited  quenches  were 
calculated  from  cable  shcHt-sample  data  to  lie  in  the  range  6.9  kA  - 
7.3  kA.  The  initial  ramp  to  quench  was  made  at  25  A/sec,  with 
pauses  of  0.5  minute  each  500  A  (to  monitor  bus  and  lead 
stability),  except  for  a  1  hour  wait  at  5.5  kA  (to  check  that  the 
magnets  would  operate  at  the  RHIC  power  supply  limit  without 
quenching).  No  magnet  has  quenched  below  5  kA.  Subsequent 
ramps  to  quench  were  at  the  design  ramp  rate  of  83  A/sec. 
Typically  magnets  were  quenched  six  times,  with  the  last  four 
quench  currents  lying  in  a  narrow  range  ("on  plateau"),  at  the 
expected  conductor  limit. 

Dipoles  quenching  within  a  100  A  range  above  6.5  kA 
(30%  margin)  are  accepted  automatically.  Dipoles  quenching  in 
the  range  6.3  kA  -  6.5  kA  are  reviewed  individually.  All  41  cold- 
tested  dipoles  have  been  accepted;  two  have  been  reviewed 
individually.  A  summary  of  the  plateau  quench  currents  of  all  the 
magnets  is  given  in  Figure  2. 

The  integral  transfer  function,  measured  with  the 
stationary  coil  at  room  temperature,  is  plotted  against  the  dipole 
production  sequence  number  in  Figure  3.  The  accelerator 
requirement  is  that  the  rms  fractional  variation  in  the  transfer 
function  be  less  than  0.05%.  For  the  1 19  magnets  in  the  figure,  the 
fractional  variation  is  0.03%.  Several  features  of  the  history  catch 
the  eye.  First,  the  decrease  at  number  10,  which  occurred  when 
NGC  switched  from  BNL-supplied  RX630  spacers  to  their  own 
supplier.  Second,  the  decrease  at  number  89,  which  investigation 
determined  to  be  associated  with  the  RX630  spacers,  some  of 
which  had  insufficient  radial  thickness.  Beginning  with  number 
108,  each  RX630  piece  was  inspected  to  insure  sufficient  radial 
thickness.  RX630  pieces  now  being  supplied  have  sufficient 
radial  thickness.  Magnets  with  low  transfer  function  have  been 
paired  with  magnets  with  high  transfer  function  to  reduce  the  load 


Fig.  2.  Distribution  of  plateau  quench  currents  of  RHIC  arc 
dipoles 


Fig.  3.  Trend  plot  of  arc  dipole  integral  transfer  function 
measured  warm 


on  the  trim  dipoles,  as  described  in  another  paper  to  this 
Conference  [12] 

The  correlation  between  the  warm  and  cold 
measurements  of  the  integral  transfer  function  is  shown  in  Figure 
4.  The  average  ratio  of  the  warm  to  the  cold  measurements  of  the 
transfer  fiinction  is  about  0.96.  The  magnet  indicated  by  the  solid 
symbol  was  excluded  from  the  average.  The  rms  variation  of  this 
ratio,  0.02%,  characterizes  the  uncertainty  in  calculating  the  cold 
transfer  function  from  warm  measurements  and  is  sufficiently  small 
that  the  accelerator  requirement,  0.05%,  can  be  assured.  The 
success  of  the  stationary  coil  for  warm,  low-field  measurements 
was  essential,  since  NMR  cannot  be  used  at  such  low  fields. 

Integral  values  of  the  dipole  angle  have  aU  been  less  than 
3.2  mrad,  averaging  -0.4  mrad.  Up  to  5  mrad  offset  can  be 
compensated  during  magnet  installation  into  RHIC.  The 
correlation  between  warm  and  cold  measurements  of  the  dipole 
angle  is  shown  in  Figure  5.  Magnets  with  identical  warm  and  cold 
measurements  would  lie  on  the  line.  The  rms  variation  of  the 
difference  between  warm  and  cold  measurements  is  0.15  mrad, 
much  smaller  than  the  accelerator  tolerance  of  1  mrad  for  installed 
magnets. 
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INTEGRAL  WARM  T.F.  (T.m/kA) 

Fig.  4.  Correlation  of  warm  and  5  kA  measurements  of  arc 
dipole  integral  transfer  function 


Fig.  5.  Correlation  of  warm  and  5  kA  measurements  of  arc 
dipole  integral  field  angles 


The  dipole  twist  is  characterized  by  the  rms  variation  of 
the  eight  measurements  made  with  the  mole  in  the  straight  section 
of  the  magnet  during  an  axial  scan.  An  increase  can  be  noted  for 
magnet  numbers  83  through  90  (Figure  6).  It  appears  to  have  been 
associated  with  a  temporary  change  in  the  method  used  to  obtain 
the  proper  sagitta.  Discussions  of  the  twist  with  NGC  at  this  time 
resulted  in  an  overall  decrease.  The  allowed  value  of  twist  is 
3  mrad. 

The  skew  quadrupole  term  aj  is  an  important  indicator  of 
the  quality  of  magnet  construction  since  it  is  produced  by  top  - 
bottom  asymmetries  in  the  magnet.  The  most  common  of  these  is 
the  difference  in  the  azimuthal  sizes  of  the  upper  and  lower  coils, 
for  which  the  sensitivity  is  about  2  units  of  a,  per  25  pm  of 
difference.  The  skew  quadrupole  is  plotted  as  a  function  of  magnet 
sequence  number  in  Figure  7.  The  mean  a^  is  -0.02  units,  with  an 
rms  variation  of  1.4  units.  These  compare  favorably  to  the  values 
estimated  for  the  series  production,  a  mean  of  1  unit  or  less,  rms  of 
1.3  units.  (The  large  value  of  aj  in  dipole  number  105  is  due  to  the 
use  of  coils  which  differed  in  size  by  about  75  pm.  The  pairing  of 
these  coils  was  forced  by 


DIPOLE  NUMBER 

Fig.  6.  Trend  plot  of  the  arc  dipole  twist 


DIPOLE  NUMBER 

Fig.  7.  Trend  plot  of  arc  dipole  integral  skew  quadrupole 

the  change  in  coil  cross  section.) 

The  correlation  of  the  warm  and  5  kA  values  of  the  skew 
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Fig.  8.  Correlation  of  warm  and  5  kA  measurements  of  arc  dipole 
integral  skew  quadrupole 
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quadrupole  is  shown  in  Figure  8.  The  rms  variation  of  the  warm  - 
cold  difierence  is  0.6  units.  Magnets  with  identical  warm  and  cold 
measurements  would  lie  on  the  line.  At  5  kA,  a^  is  1.6  units  lower 
than  at  room  temperature  due  to  field  leakage  from  the  yoke  and 
the  asymmetric  design  of  the  position  of  the  cold  mass  in  the  iron 
vacuum  vessel.  Efforts  have  been  made  during  the  production  run 
to  reduce  aj  at  5  kA  by  introducing  a  compensating  asymmetry  in 
the  weight  of  the  yoke  blocks  [13].  Small  changes  in  the  allowed 
harmonics,  b2,  b4,  etc.  have  been  made  during  the  production  run. 
These  are  discussed  in  detail  in  another  paper  submitted  to  this 
Conference  [14]. 

11.  ARC  QUADRUPOLES 

A.  Design  and  Construction 

A  cross  section  of  the  quadrupole  is  shown  in  Figure  9. 
The  arcs  will  contain  276  quadrupoles  of  80  mm  aperture,  1.11m 
magnetic  length,  and  a  gradient  of  75  T/m  measured  at  the  5  kA 
operating  current.  The  insertion  regions  will  contain  144 
additional  80  mm  quadrupoles  with  lengths  ranging  from  0.93  m 
to  1.81  m.  Including  spares,  NGC  will  produce  432  80  mm 
quadrupole  cold  masses.  Production  is  scheduled  to  be  completed 
at  the  end  of  1995.  (Incorporation  of  the  quadrupoles  into  a  CQS 
assembly  is  done  at  BNL  [3].) 


WARM-UP  HEATER 
INSULATOR 


TIE  ROD 


WMINATED  YOKE 


WELD  BACKING  STRIP 
ELECTRICAL  BUS  SLOT 

CONTAINMENT  VESSEL 

BEAM  TUBE 


STAINLESS  STEEL 
SHEAR  PIN 


Fig.  9.  Cross  section  of  RHIC  arc  quadrupole  cold  mass 


For  reasons  of  economy,  these  magnets  use  many  features 
of  the  dipole  design,  including  the  30-strand  cable  with  all-Kapton 
insulation,  an  injection-molded  phenolic  spacer  between  the  coil 
and  yoke,  and  a  two-piece  yoke  with  a  tapered  midplane  and 
horizontal  split.  The  yoke  laminations  are  the  same  thickness  as 
those  used  in  the  dipole.  The  single-layer  coil  has  16  turns  and  a 
symmetric  copper  wedge.  Additional  details  of  the  magnet  design 
are  given  elsewhere  [15]. 


B,  Test  Procedures  and  Results 

Cryogenic  tests  of  the  quadrupole  cold  masses  were 
carried  out  in  vertical  dewars  filled  with  liquid  helium  at  4.35  K 
and  1.12  atm.  The  magnets  were  ramped  at  83  A/sec  until  they 
quenched.  Magnets  were  quenched  typically  six  times,  to  establish 
whether  they  were  at  the  conductor  limit.  The  quench 
performance  was  very  good.  All  have  quenched  above  8  kA,  with 
90%  reaching  the  conductor  limit.  All  58  tested  so  far  have  been 
accepted,  with  only  one  requiring  individual  review.  Each  of  the 
initial  20  quads  was  cold-tested.  Additional  testing  was  done  to 
confirm  the  effects  of  production  changes.  At  present,  10%  of  the 
quads  are  being  cold-tested. 

The  gradient  and  harmonics  were  measured  with  rotating 
coils  long  enough  to  obtain  the  integral  with  a  single  measurement, 
warm  and  cold.  Warm  measurements  were  carried  out  in  a 
precision  fixture  built  so  that  the  axis  of  the  quadrupole  yoke  and 
that  of  the  measuring  coil  coincided  within  about  0.1  mm.  It  is 
expected  that  a  well-built  magnet,  mounted  in  this  fixture,  will 
have  a  vertical  field  angle,  with  a  small  offset  due  to  the  leads.  For 
these  quadrupoles,  the  average  field  angle  was  -1.8  mrad,  with  an 
rms  variation  of  0.4  mrad.  Similarly,  it  is  expected  that  the  axes  of 
the  field  and  the  yoke  will  coincide.  In  the  precise  fixture  the 
average  horizontal  offset  was  0.03  mm,  with  an  rms  variation  of 
0.06  mm.  The  average  vertical  offset  was  0.14  mm,  also  with  0.06 
mm  rms  variation.  The  vertical  offset  could  be  due  to  the  magnet 
leads.  These  measurements  indicate  that  the  quadrupoles  are 
precisely  made.  (The  measurements  used  for  installation  are  made 
after  construction  of  the  CQS  as  a  whole.) 

The  mean  value  of  the  quadrupole  integral  transfer 
function  measured  warm  is  16.5  T/kA,  with  an  rms  variation  of 
0.05%,  equal  to  the  RHIC  tolerance.  The  correlation  between 
warm  (lOA)  and  cold  values  of  the  integral  gradient  is  shown  in 
Figure  10.  The  cold  values  are  higher  than  the  warm  by  0.07%  and 
the  fractional  rms  variation  of  the  cold  -  warm  difference  is 
0.035%. 
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Fig.  10.  Correlation  of  warm  and  3  kA  measurements  of  arc 
quadrupole  integral  gradient 


The  average  value  of  the  first  allowed  harmonic  in 
quadrupoles,  the  dodecapole  is  1 .4  units  (warm).  Shifts  at  the 
level  of  0.5  units  have  occurred  during  the  production  run.  A  finite 
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value  is  also  expected  for  the  octupole  due  to  the  dipole 
symmetry  of  the  yoke.  The  average  value  of  is  -0.6  units 
(cold).  However,  five  quadrupoles  have  63  in  the  range  of  5  to  6 
units  due  to  misplacement  of  shims  early  in  the  production  run. 
These  magnets  have  been  accommodated  at  special  places  in  the 
lattice  [12]. 
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ABSTRACT 

The  design  of  permanent  magnets  for  use  in  the  Fermilab 
Main  Injector  "Recycler"  ring  is  described.  The  magnets  are  a 
hybrid  design  with  the  field  shape  determined  from  accurately 
machined  pole  tips  and  the  field  driven  by  strontium  ferrite 
blocks.  The  choice  of  magnetic  material  is  discussed.  A 
temperature  compensation  scheme  has  been  demonstrated 
which  uses  a  low  Curie-temperature  alloy  to  null  out  the 
intrinsic  temperature  coefficient  to  the  ferrite.  1 .2m  prototype 
magnets  have  been  constructed  which  achieve  the  design  goal 
of  dB/B  <  10-4  over  an  aperture  of  3.5"(h)  x  2"(v). 

L  INTRODUCTION 

Raising  the  luminosity  of  the  Tevatron  requires  collecting 
and  stacking  more  antiprotons.  A  key  element  in  this  is  the 
"Recycler"  ring  [2],  an  8  GeV  storage  ring  located  in  the 
3.3km  Main  Injector  tunnel  under  construction  at  Fermilab  [3] 
Permanent  magnets  are  an  attractive  option  because  of  the 
fixed  energy  and  the  O.IT  average  guide  field.  Low  cost  and 
reliability  are  also  important  considerations  in  favor  of 
permanent  magnets.  A  workshop  was  held  at  LBL  in 
November  1994.  Since  the  successful  outcome  of  that 
workshop,  prototype  work  has  begun  with  the  goal  of  starting 
production  in  1996  and  commissioning  the  ring  in  1998. 

IL  BASIC  DIPOLE  MAGNET  DESIGN 

Flux  Return  /  Magnetic  Shield  Permanent  Magnet  Material 


Aluminum 

Pole 

Fixture 


Figure  1 :  Cross-section  of  the  1  kG  hybrid  permanent 
magnet  dipole.  This  design  duplicates  the  Main  Injector 
beam  pipe  ^mensions  and  good  field  aperture  (±1.75"  at 
AB/Bo=10“^).  The  overall  dimensions  are  5"x9"  and  the 
weight  of  a  6  m  section  is  approximately  2500  lbs.  The 
field  is  driven  by  two  permanent  magnet  blocks  3/4"  thick 
by  6"  wide. 


In  this  "hybrid"  design,  the  field  quality  is  determined 
largely  by  the  shape  and  placement  of  the  iron  pole  tips 
located  immediately  above  and  below  the  beam  pipe.  The 
flux  return  is  fabricated  from  1/2"  thick  bar  stock  and  provides 
a  "box  beam"  structure  which  provides  most  of  the 
mechanical  rigidity.  The  peak  field  in  the  flux  return  is 
approximately  6  kG. 

The  assembly  sequence  used  for  the  prototypes  is  to  build 
the  magnet  from  the  inside  out.  First,  the  pole  tip  spacing  is 
set  by  clamping  them  into  position  against  a  precisely 
machined  2.0000"  thick  bar  of  tool  steel,  then  bolting  or 
pinning  them  to  side  supports  made  from  aluminum  U- 
channel.  This  ensures  the  parallelism  of  the  pole  pieces  which 
is  essential  to  minimize  gradient  errors.  Next,  individual 
bricks  are  clamped  or  glued  onto  the  pole  tip/side  support 
structure.  Finally  the  entire  assembly  is  slid  into  flux  return 
and  tested  with  a  rotating  coil  harmonics  probe. 

The  overall  strength  of  the  magnet  can  be  controlled  by 
any  of  the  following:  adjusting  the  amount  of  magnetic 
material  included  in  each  magnet,  sorting  the  bricks  by 
strength,  using  a  commercially  available  fixture  to  perform  a 
controlled  demagnetization  of  the  bricks  to  a  standard  level, 
or  inserting  small  steel  rods  into  the  region  alongside  the 
bricks  to  help  "steal"  flux  away  from  the  pole  tips  and  thereby 
trim  the  magnet  strength.  The  gradient  and  sextupole  can  be 
controlled  by  means  of  wedge  or  parabolic  end  shims  affixed 
to  the  ends  of  the  pole  tips.  This  procedure  is  straightforward 
because  the  shims  need  only  function  at  one  level  of  magnetic 
excitation.  We  plan  to  reserve  one  end  of  the  magnet  for 
production  trims  to  ensure  that  all  magnets  have  identical 
multipole  content,  and  reserve  the  other  end  for  "field 
modifications"  to  adjust  e.g.  the  tune  or  chromaticity  of  the 
ring. 


Figure  2:  POISSON  field  map  of  the  upper-right  quadrant 
of  the  permanent  magnet  dipole  shown  in  fig.l. 
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IIL  CHOICE  OF  MAGNETIC  MATERIAL 


V.  TEMPERATURE  COMPENSATION 


Several  magnetic  materials  were  considered  for  the 
Recycler  magnets,  including  Samarium  Cobalt,  Alnico, 
Neodymium-Iron-Boron,  and  Strontium  or  Barium  Ferrite. 
Strontium  Ferrite  was  selected  on  the  basis  of  cost,  ease  of 
fabrication,  radiation  hardness,  and  stability  over  temperature 
and  time.  Samarium  cobalt  was  roughly  30  times  more 
expensive  and  has  suspect  radiation  resistance  [4].  Alnico 
was  approximately  lOx  more  expensive  and  an  optimized 
Alnico  design  results  in  a  tall,  bulky  magnet.  Barium  Ferrite 
is  a  largely  obsolete  material  with  no  advantages  over 
Strontium  Ferrite  and  was  not  seriously  considered. 

IV.  SAMPLE^TO-S AMPLE  UNIFORMITY 


Strontium  Ferrite  is  the  most  commonly  used  permanent 
magnet  material  in  automotive  applications  and  can  be 
obtained  in  standard  sizes  and  strengths  from  a  number  of 
manufacturers  [5].  We  chose  the  standard  4"x  6"x  1”  high 
’'bricks"  made  of  Type  8  strontium  ferrite  for  the  magnets  in 
our  prototype  program.  Samples  of  -100  bricks  were 
obtained  from  a  number  of  foundries,  and  a  single-brick 
testing  device  was  made  at  the  Magnet  Test  Facility  at 
Fermilab.  The  design  of  our  hybrid  magnet  makes  the  field 
quality  insensitive  to  the  details  of  the  magnetization,  of  the 
material.  Thus  the  magnetic  strength  of  each  brick  could  be 
adequately  characterized  by  a  test  fixture  which  consisted  of  a 
magnetic  circuit  with  approximately  the  same  reluctance  as 
the  brick  would  see  in  the  final  magnet  design.  Individual 
bricks  were  inserted  in  the  magnetic  circuit  and  the  resultant 
flux  was  recorded  via  a  pickup  coil  and  integrator.  The 
distribution  of  brick  strengths  from  samples  one  lot  from  one 
particular  vendor  is  given  in  the  figure  below. 


ON  0\  0\  On  0\  _ 

qCT\0\OnONOnOvO\OnOn 

doooooodo 


88  8 


S88S 


Magnetization  Strength  (normalized) 


One  major  drawback  of  strontium  ferrite  in  accelerator 
applications  is  a  reversible  temperature  coefficient  of  the 
residual  field  Br  of  -0.19%/°C.  A  technique  has  been 
proposed  and  tested  [6]  which  uses  an  Iron-Nickel  alloy  with 
a  Curie  Temperature  of  -55°C  to  shunt  flux  away  from  the 
pole  tip  in  a  temperature-dependent  manner  and  thereby  null 
out  the  temperature  coefficient  of  the  magnet.  See  fig.  4 
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Figure  4  Cool-down  curves  showing  variation  of  the 
magnetic  field  in  a  permanent  magnet  prototype  with 
various  size  temperature  compensation  shunts.  Bottom 
curve:  uncompensated  magnet  showing  the  expected 
temperature  coefficient  of  -0.19%/°C.  Middle  curve:  first 
attempt  at  a  temperature  compensation  shunt.  Top  curve: 
second  attempt  using  a  shunt  of  a  larger  size  estimated 
from  the  performance  of  the  first  shunt.  The  temperature 
coefficient  has  been  reduced  by  approximately  two  orders 
of  magnitude,  more  than  adequate  for  our  application. 

IV.  LATTICE  AND  MAGNET  OPTIONS 


The  lattice  and  permanent  magnet  design  present  a  set  of 
interrelated  tradeoffs  involving  field  strength  vs.  number  of 
magnets,  separated  function  vs.  combined  function  magnets, 
laminated  vs.  "bar  stock"  construction,  and  sagitta’ed  magnets 
vs  straight  magnets  with  a  larger  horizontal  aperture.  The  four 
main  lattice  options  under  consideration  are  shown  in  fig.  5. 
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Figure  3:  Histogram  of  the  first  26  bricks  tested  with  the 
MTF  single  brick  field  strength  tester.  The  full  spread  of 
the  bricks  tested  was  1.3%  and  the  RMS  spread  was 
0.3%.  This  measurement  indicates  that  within  a  single  lot 
of  bricks  we  expect  the  variation  to  be  less  than  the  ±10% 
tolerance  specified  by  the  manufacturer. 
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Figure  5:  Sketch  of  the  permanent  magnet  options  under 
consideration  in  the  magnet  prototype  program.  Option  A 
is  a  direct  copy  of  the  Main  Injector  lattice,  while  the 
1.5  kG  combined  function  option  D  is  currently  favored. 
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The  ’'bar  stock"  magnet  construction  chosen  argues  in 
favor  of  straight  magnets.  Combined  function  magnets  (fig. 
6)  reduce  the  number  of  quadrupoles  from  208  to  36  at  the 
cost  of  complicating  the  dipole  pole  tip  machining  and  magnet 
measurements,  and  reducing  the  bend  field  by  about  5%.  A 
stronger  field  can  be  obtained  by  putting  more  bricks  behind 
the  pole  tips,  but  one  reaches  a  point  of  diminishing  returns  as 
the  field  asymptotically  approaches  the  residual  field  Br  of  the 
driving  material..  At  the  present  stage  in  our  prototype 
program  we  favor  a  1.5kG  combined-function,  non-sagitta’ed 
magnet  driven  by  a  single  1"  thick  brick  behind  each  pole  tip. 


Figure  6:  Cross  section  of  a  2  kG  gradient-sector  magnet 
for  lattice  option  C  described  in  the  text.  The  field  is 
driven  by  two  1"  high  by  6"  wide  permanent  magnet 
bricks  at  each  pole  tip.  Overall  dimensions  are  8"  x  12". 
The  magnetic  center  of  this  dipole  is  12"  from  the  beam, 
so  that  its  gradient  is  intermediate  between  that  required 
for  the  arcs  (17")  and  dispersion  suppressor  dipoles  (8.6") 
needed  for  lattice  option  C. 


VII QUADRUPOLE  DESIGN 


The  quadrupole  prototype  currently  under  construction  is 
shown  in  figure  7. 


Figure  7:  Magnetic  field  map  for  the  upper  half  of  the 
permanent  magnet  quadrupole  magnet  cross  section  used 
in  all  lattice  options.  Field  shaping  is  provided  by  iron 
pole  tips  with  circular  inner  surfaces.  The  field  is  driven 
by  Ferrimag  8A  material  (Br=3.9  kG)  in  blocks  1"  x  3" 
in  cross  section.  An  iron  flux  return  shell  1/2"  thick 
surrounds  the  assembly. 


The  quadrupole  magnet  has  the  additional  challenge  that  the 
strengths  of  the  diagonally  opposite  poles  must  be  matched  in 
order  to  obtain  a  pure  quadrupole  field  between  the  pole  tips. 
Thus  in  production  each  pole  tip  must  be  individually  trimmed 
to  the  specified  strength.,  rather  than  trimming  the  overall 
strength  as  in  the  case  of  the  dipole. 

VIIL  PROTOTYPE  RESULTS  AND  STATUS 

Following  the  temperature  compensation  test  magnet, 
several  1 .2m  prototype  magnets  have  been  constructed.  In 
general  there  have  been  no  surprises  in  the  construction  of 
these  magnets,  with  typical  assembly  times  "from  parts"  of 
approximately  an  hour.  The  first  prototype  dipole  had  flat 
(non-shimmed)  pole  tips.  The  second  had  pole  tips  machined 
to  the  shape  determined  by  POISSON.  This  2nd  prototype 
met  the  field  quality  specification  (dB/B  <  +/-0.0001  over  a 
3.5"  horizontal  good-field  region)  with  the  help  of  a  angled 
shim  at  the  end  of  the  pole  tip  to  remove  a  minor  gradient 
error.  The  first  1.2m  combined-function  prototype  awaits  test 
and  a  quadrupole  is  under  construction.  We  expect  to  begin 
construction  of  4-5m  full  length  prototypes  soon. 
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ABSTRACT 

The  demand  for  more  and  better  insertion  devices 
(IDs)  at  new  third-generation  synchrotron  radiation  facilities 
has  prompted  significant  advances  in  ID  technology.  Since 
the  advances  are  being  made  at  different  laboratories  around 
the  world,  an  overview  is  given  here  of  this  progress.  The 
focus  is  on  those  results  that  apply  to  IDs  in  general  rather 
than  to  those  from  one  specific  ID  or  laboratory.  The 
advances  fall  into  two  general  categories:  those  that  reduce  the 
net  effect  that  the  ID  has  on  the  particle  beam,  and  those  that 
enhance  the  quality  of  the  emitted  light  spectrum.  The  need 
for  these  advances,  the  factors  that  are  most  important  in 
achieving  them,  and  the  current  state  of  the  art  are  discussed. 

1.  INTRODUCTION 

Significant  progress  has  been  made  in  the  field  of 
insertion  devices,  particularly  during  the  past  three  or  four 
years,  because  of  the  construction  and  initial  operation  of  third 
generation  synchrotron  radiation  sources.  New  developments 
have  been  reported  at  recent  PAC/EPAC  conferences. 
Synchrotron  Radiation  Instrumentation  conferences,  and  in 
review  articles.  [1-5] 

In  the  late  1970's,  the  first  insertion  devices  (IDs) 
were  installed  on  first- generation  synchrotron  radiation 
sources.  Their  radiation  properties  were  studied,  and  it  was 
shown  that  IDs  can  be  compatible  with  storage  rings.  [6]  Ten 
years  later,  a  wide  variety  of  IDs  occupied  straight  sections  on 
almost  all  existing  storage  rings.  With  the  advent  of  third- 
generation  synchrotron  radiation  sources  in  the  early  1990’s, 
there  has  been  a  dramatic  increase  in  the  number  of  insertion 
devices  (IDs)  installed  or  planned  worldwide,  as  shown  in  Fig. 
1.  These  new  storage  rings  may  be  designed  to  have  ten  times 
as  many  IDs  installed  as  was  typical  for  older  sources.  ESRF 
has  been  running  for  the  past  two  years  with  more  than  a 
dozen  IDs  installed;  it  is  the  first  machine  so  far  to  operate 
with  so  many  IDs. 

Fig.  1  also  shows  that  undulators  are  increasingly 
preferred  over  wigglers.  This  is  because  many  experiments 
today  require  very  high  brilliance.  This  high  brilliance  can  be 
achieved  without  unnecessary  power  loads  from  unneeded 
wavelengths  of  light  by  using  undulators,  because  high-quality 
undulators  have  very  sharply-peaked  emitted-light  spectra. 
Recent  significant  advances  in  the  ability  to  build  and  tune 
high-quality  undulators  have  encouraged  this  trend.  The 
magnetic  field  of  an  undulator  can  now  be  tuned  so  that  the 
spectrum  of  emitted  light  has  sharp  and  strong  harmonic  peaks 
out  to  very  high  harmonic  numbers. 

The  magnetic  field  tuning  techniques  that  have  been 
developed  not  only  ensure  a  high-quality  spectral  output,  but 
also  minimize  the  net  effect  that  an  ID  has  on  the  stored 
particle  beam.  This  has  become  increasingly  important  with 
the  newer  small-emittance  storage  rings  that  have  many  IDs 


Figure  1.  Number  of  new  insertion  devices  constructed  per 
year,  worldwide,  from  1978  to  1995.  (This  does  not  include 
free-electron  lasers.) 

installed,  since  the  cumulative  effect  of  all  the  installed  IDs 
must  be  considered. 

Of  the  many  IDs  [3]  that  have  been  built  or  proposed, 
some  are  optimized  to  produce  specific  radiation 
characteristics,  such  as  variable  polarization.  Other  IDs  have 
particularly  short  or  particularly  long  period  lengths.  Some  of 
these  special  IDs  have  been  installed  on  older  synchrotron 
radiation  sources,  where  they  can  produce  useful  light  and  also 
serve  as  prototypes  for  IDs  for  newer  storage  rings. 

In  what  follows,  we  will  discuss  recent  progress  in 
both  reducing  the  net  effect  that  IDs  have  on  the  stored 
particle  beam  and  in  tuning  IDs  for  high-quality  spectral 
output. 

11.  ID-STORED  BEAM  INTERACTION 

Insertion  devices  that  are  installed  into  storage  rings 
can  have  undesirable  net  effects  on  the  closed  orbit  in  the  ring. 
Such  effects  have  been  a  major  concern  since  the  first 
insertion  device  was  installed  into  a  storage  ring  [7].  In 
addition,  IDs  can  cause  betatron  tune  shifts,  decreased  beam 
lifetime  due  to  dynamic  aperture  changes,  and  vertical- 
horizontal  coupling.  In  first  and  second  generation  sources, 
various  local  and  global  feedback  schemes  were  used  to 
correct  closed-orbit  distortions.  [8,  9] 

The  requirements  of  new  third-generation  sources  are 
more  stringent,  however.  The  emittance  of  the  stored  particle 
beam  and  the  physical  aperture  of  the  beam  are  smaller,  so 
that  allowable  ID-related  orbit  distortions  are  smaller.  This 
smaller  allowable  effect  is  distributed  among  a  much  larger 
number  of  insertion  devices,  making  the  requirements  for  each 
individual  ID  more  demanding. 
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Orbit  distortions  are  also,  in  general,  a  strong 
function  of  the  magnetic  gap  of  the  insertion  device.  An 
undulator  needs  to  have  its  gap  changed  whenever  its  user 
wants  a  different  photon  energy.  With  an  increase  in  the 
number  of  undulators  on  a  storage  ring,  there  is  also  an 
increase  in  the  frequency  of  gap-change  requests.  Users  of  the 
synchrotron  radiation  facility  rapidly  lose  patience  with  "orbit 
correction"  interruptions  or  beam  instabilities  that  are  due  to 
gap  changes  in  someone  else’s  ID.  Third-generation  storage 
rings  therefore  demand  IDs  that  are  "fully  compensated",  i.e., 
that  have  negligible  effect  on  the  stored  beam  at  any  magnetic 

Orbit  perturbations  can  be  limited  by  setting 
maximum  values  for  the  first  and  second  integrals  of  the 
magnetic  field  through  the  insertion  device,  and  by  setting 
maximum  values  for  the  higher  order  integrated  magnetic 
moments  (i.e.,  how  the  first  integral  of  the  field  varies  as  one 
moves  away  from  a  line  through  the  exact  center  of  the  ID). 
The  first  field  integral  through  the  ID  determines  the  angle 
between  the  pre-  and  post-ID  trajectories  of  a  particle,  while 
the  second  field  integral  determines  the  displacement.  The 
maximum  allowed  first  and  second  integrals  can  be  chosen 
using  the  following  expressions  so  that  the  effect  of  the  ID  is 
much  less  than  the  beam  emittance: 


where  Bx,y  is  the  horizontal  or  vertical  magnetic  field,  B  p  is 
the  rigidity  parameter  for  the  storage  ring,  ey^x  is  the  vertical 
or  horizontal  emittance,  Py^x  is  vertical  or  horizontal  beta 
function,  and  N  is  the  number  of  IDs  on  the  storage  ring. 
Table  1  shows  the  first  and  second  integral  tolerances  for  the 
APS  storage  ring. 


Table  1.  APS  Insertion  Device  Tolerances 


Quantity 

Normal 

Skew 

First  integral  (G-cm) 

20 

20 

Second  Integral  (G-cm^) 

20  000 

20  000 

Ouadrapole  (G) 

50 

50 

Sextupole  (G/cm) 

200 

100 

Octupole  (G/cm^) 

300 

50 

These  same  requirements  for  beam  size  stability  also 
determine  the  maximum  allowed  integrated  quadrupole 
moments.  Requirements  for  higher  moments  that  affect  the 
dynamic  aperture  can  be  determined  by  using  storage  ring 
tracking  codes  [10]  to  evaluate  the  effect  of  these  moments. 
The  integrated  multipole  tolerances  for  the  APS  storage  ring 
are  included  in  Table  1.  In  general,  however,  these  numbers 
depend  on  the  good  field  region  required  for  the  ID  because 
the  higher  order  moments  are  a  description  of  how  the  field 


integral  varies  as  the  line  of  integration  is  moved  laterally 
within  the  good  field  region.  Typical  good  field  regions  are 
less  than  a  few  centimeters  horizontally  and  less  than  a 
centimeter  vertically. 

A  number  of  different  ID  designs  and  fabrication 
techniques  have  been  tried  in  order  to  meet  these  challenging 
magnetic  field  quality  requirements.  At  some  labs,  the 
approach  has  been  to  demand  very  high  mechanical  and 
magnetic  precision  for  everything  that  goes  into  an  ID  and  to 
sort  the  magnets  very  carefully,  with  the  goal  of  producing  a 
device  whose  field  is  so  good  that  it  needs  no  post-assembly 
shimming.  [11]  At  other  labs,  inexpensive  components  have 
been  a  greater  priority.  The  magnets  are  carefully  sorted,  but 
large  field  errors  remain  after  assembly.  Much  work  then  goes 
into  magnetic  shimming  in  order  to  achieve  a  high-quality 
field.  [12, 13] 

In  order  to  be  able  to  measure  the  properties  of  IDs 
sufficiently  precisely,  the  accuracy  and  reliability  of  magnetic 
measurements  has  had  to  improve.  New  techniques  and 
improved  old  techniques  now  make  the  necessary 
measurements  possible  [14].  For  example,  first  field  integrals 
through  a  5 -meter-long  ID  are  now  measured  with  a 
reproducibility  of  less  than  a  Gauss-cm,  as  required  for 
accurate  higher-order  multipole  measurements. 

There  is  now  a  better  understanding  of  how  to 
suppress  magnetic  moments,  both  by  maintaining  high 
tolerances  during  the  selection  of  magnetic  materials  and 
during  fabrication,  and  by  using  shimming  techniques  to 
correct  the  effects  of  imperfections  in  an  assembled  device. 
Impressively  small  ID  magnetic  moments  have  been  achieved. 
In  Table  2,  experimental  results  for  an  ESRF  and  an  APS 
planar  ID  are  shown. 


Table  2.  Multipole  moments  achieved  [15] 


Moment 

at  ESRF 

at  APS 

Dipole  (G-cm) 

<20 

15 

Quadrupole  (G) 

<10 

20 

Sextupole  (G/cm) 

<10 

40 

Octupole  (G/cm^) 

<10 

10 

For  non-planar  IDs,  such  as  sources  of  elliptically  or 
circularly  polarized  radiation,  magnetic  tuning  is  even  more 
challenging.  Nevertheless,  two  such  devices  —  the  helical 
undulator  Helios  [16]  and  the  Elliptical  Multipole  Wiggler 
(EMW),  which  has  an  AC  electromagnet  [17]  —  have  been 
successfully  operated  at  ESRF  and  NSLS,  respectively.  In 
Helios,  the  vertical  positions  of  the  upper  and  lower  jaws  can 
be  moved  independently  (one  jaw  produces  a  vertical  field,  the 
other  a  horizontal  field),  and  a  relative  longitudinal 
displacement  is  possible.  The  polarization  and  wavelength  are 
altered  by  moving  the  magnetic  arrays  so  as  to  change  the  3-D 
magnetic  field  distribution.  In  the  EMW,  the  horizontal  field 
component  from  the  electromagnet  changes  at  frequencies  of 
up  to  100  Hz  so  that  a  dynamic  compensation  system  is 
required.  For  both  devices,  however,  the  closed  orbit 
displacements  are  negligibly  small.  For  Helios,  the  closed 
orbit  distortion  was  less  than  6  |xm,  and  for  the  EMW  it  was 
less  than  1  |xm. 

The  few  examples  above  show  the  substantial 
progress  that  has  been  made  in  minimizing  the  effects  that  IDs 
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have  on  a  storage  ring.  The  next  goals  are  to  eliminate  the 
need  for  a  local  feedback  system  and,  once  it  has  been 
demonstrated  that  a  gap  change  will  have  no  effect  on  other 
beamlines,  to  allow  synchrotron  radiation  users  to  change  their 
ID  g£^s  freely. 

III.  ID  SPECTRAL  PERFORMANCE 

Magnetic  field  errors  also  affect  the  spectral 
performance  of  an  undulator.  Errors  can  arise  from  such 
things  as  non-uniformities  in  the  magnetic  properties  of  the 
materials  used  and  finite  mechanical  tolerances  on  the 
magnetic  structure  components.  The  effect  of  these  errors  on 
the  spectrum  of  the  undulator  is  to  decrease  the  brilliance  of 
the  harmonic  peaks.  Higher  harmonics  suffer  greater 
decreases  than  lower  harmonics.  Therefore,  the  spectral 
quality  of  an  undulator  can  be  defined  by  how  close  the 
brilliance  of  the  emitted  spectrum  is  to  than  of  an  ideal 
undulator. 

The  real  test  of  spectral  performance  for  an  undulator 
is,  of  course,  measurement  of  the  absolute  flux  of  radiation 
emitted  as  a  function  of  frequency.  Even  before  the  device  is 
installed  in  the  storage  ring,  however,  its  performance  can  be 
predicted  firom  magnetic  field  measurements.  The  magnetic 
field  map  is  used  to  calculate  particle  trajectories  through  the 
undulator  and,  in  turn,  the  brilliance  of  the  light  that  will  be 
emitted  as  a  function  of  wavelength. 

It  has  been  shown  that  the  best  predictor  of  brilliance 
reduction  is  the  rms  value  of  the  phase  error  [18].  Walker  [19] 
showed  the  quantitative  relationship  between  the  two.  Phase 
error  arises  from  differences  in  the  time  intervals  between 


successive  wiggles  in  the  particle  trajectory.  The  real 
trajectory  is  calculated  from  measurements  of  the  magnetic 
field  along  the  undulator.  The  phase  in  this  real  trajectory  is 
then  compared  with  the  phase  for  an  ideal  undulator  to  obtain 
the  rms  phase  error,  which  is  in  turn  used  as  a  figure  of  merit 
for  optimizing  the  undulator  magnetic  field.  Walker  [19] 
found  that  the  decrease  in  brilliance  compared  with  the  ideal 
case  varies  like  exp  (-(n-(t))^)  ,where  n  is  the  harmonic  number 
and  (|)  is  the  phase  error. 

In  order  to  optimize  the  undulator  magnetic  field,  the 
magnet  blocks  are  carefully  measured,  then  sorted  into  an 
arrangement  that  will  give  as  perfectly  periodic  a  field  as 
possible.  For  a  hybrid  undulator  that  uses  high-permeability 
pole  pieces,  the  poles  can  be  sorted  by  size  as  well.  Once  the 
undulator  is  assembled,  it  can  be  shimmed  to  correct  the  field 
integrals,  the  moments  of  the  field  integrals,  and  the  trajectory 
as  a  function  of  undulator  magnetic  gap.  Shinuning  is  also 
used  to  minimize  the  phase  errors.  The  typical  result  is  an  rms 
phase  error  of  several  degrees,  leading  to  a  reduction  in  the 
fifth  harmonic  brilliance  of  about  20%.  Post-assembly 
shimming  along  the  ID  has  not  been  used  much  during  ID 
fabrication  at  ALS,  nor  is  it  planned  to  be  used  at  BESSY  II. 
Nevertheless,  very  impressive  performance  results  have  been 
achieved  by  careful  selection  and  sorting  of  magnets  and  by 
maintaining  extremely  tight  mechanical  tolerances  in  the 
magnetic  structure.  Some  of  these  results  are  shown  in  Fig.  2. 
[20]  Fig.  2  shows  the  on-axis  flux  measured  from  the  ALS 
U8.0  undulator  at  K=5.24,  along  with  the  flux  calculated  firom 
the  measured  magnetic  field.  For  comparison,  the  flux  density 
calculated  for  an  ideal  ALS  U8.0  magnetic  field  is  also  shown. 
The  harmonics  shown  start  at  the  1 8th. 


Figure  2.  High-harmonic  flux  from  the  ALS  U8.0  undulator  at  K=5.24.  The  dotted  line  shows  the  flux  measured  from  the 
installed  device.  The  solid  line  shows  the  flux  calculated  from  the  measured  magnetic  field.  The  calculated  peak  flux  values 
from  an  ideal  U8.0  magnetic  field  are  also  indicated  by  the  dashed  lines.  The  harmonics  shown  start  at  the  18th. 
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Recently,  a  phase-shimming  technique  was  used  to 
achieve  rms  phase  errors  of  less  than  a  degree.  This  small 
phase  error  leads  to  the  20%  reduction  in  brilliance  not 
occurring  until  about  the  27th  harmonic.  [21]  Similar  results 
have  been  achieved  at  ESRF  using  their  'spectral  shimming’ 
technique.  At  ESRF,  radiation  from  harmonics  up  to  the 
eleventh  will  be  used.  These  techniques  have  both  been 
applied  to  pure  permanent  magnet  IDs.  At  APS,  a  phase¬ 
shimming  approach  has  been  used  to  optimize  the  spectrum  of 
a  hybrid  undulator.  The  phase  errors  were  reduced  to  4°, 
which  corresponds  to  a  seventh  harmonic  brilliance  of  about 
80%  of  ideal. 

With  these  advances,  undulators  are  now  being  built 
whose  spectral  performance  is  very  close  to  what  is 
theoretically  possible.  Future  effort  will  probably  be  directed 
towards  the  development  of  specialized  IDs. 

Many  different  types  of  advanced  IDs  have  been 
described  in  recent  papers.  Third-generation  storage  rings  still 
have  many  straight  sections  that  are  as  yet  unoccupied  by  IDs. 
Therefore,  a  wide  and  long  (particularly  at  Spring-8,  with  its 
30-meter-long  straight  sections)  field  is  open  for  future 
developments  that  will  also  benefit  the  fourth-generation 
synchrotron  radiation  sources. 
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PERMANENT  MAGNET  BEAM  TRANSPORT 


R.  F.  Holsinger,  Aster  Enterprises,  Inc.,  N.  Billerica,  MA  01862  USA 


Abstract 

Permanent  Magnet  (PM)  quadrupoles,  dipoles  and 
other  multipoles  have  been  developed  and  used  in  an 
increasing  number  of  accelerator  applications  for 
transporting  and  manipulating  charged  particle  beams. 
Research  applications  include  Drift  Tube  Linear 
Accelerators,  Storage  Rings,  and  Recirculators.  Industrial 
applications  include  various  accelerators  for  Isotope 
Production  and  Neutron  Generation  Accelerators.  The 
inherent  advantages  and  disadvantages  of  permanent 
magnet  technology  as  well  as  practical  implementation 
will  be  discussed.  The  possibility  of  new  innovative 
applications  for  both  research  and  industrial  accelerators 
will  also  be  discussed. 

1.  INTRODUCTION 

Approximately  15  years  ago  the  first  iron-free  ring 
type  rare  earth  PM  Quadrupoles  (PMQ’s)  were  constructed 
and  installed  in  linear  accelerators  [1],  [2].  Since  that 
time,  this  technology  has  been  implemented  in  an 
increasing  number  of  beam  transport  applications.  The 
fundamental  theory  for  ring  type  PM  multipoles  was 
described  by  K.  Halbach  [3],  based  on  anisotropic 
samarium-cobalt  PM  materials  that  were  developed  in  the 
early  1970’s.  These  new  materials  and  design  ideas  led  to 
several  important  developments  of  PM  devices  for  beam 
transport  and  manipulation. 


IL  RARE  EARTH  PM  MATERIALS 

Subsequently,  other  important  rare  earth  based  materials 
have  been  developed,  e.g.  Neodymium-Boron-Iron.  Figure 
1  shows  the  idealized  B(H)  characteristics  for  these  types 
of  materials. 

In  these  materials: 

M  =  B/ii^  -  H 

If  we  make  the  assumption  that: 

B^lio  =  then  IMI  =  constant, 

and  for  Bj.  =  1.0  Tesla,  IMI  «  8,000  Amp/cm. 

Thus,  the  equivalent  surface  current  flowing  around  the 
surface  of  blocks  of  these  materials,  as  illustrated  in 
Figure  1,  is  sizable,  and  it  is  no  surprise  that  such  blocks 
are  difficult  to  position  near  each  other  or  near  other 
permeable  materials. 

Three  different  anisotropic  PM  materials  may  be 
considered  for  multipole  design:  Samarium-Cobalt, 
Neodymium-Boron-Iron,  and  Ceramic  (Hard  Ferrite). 
Table  1  below  shows  the  range  of  magnetic  properties 
which  are  available  with  these  materials. 


PM 

Material 

Br 

(kGuass) 

He 

(kOe) 

^ci 

(kOe) 

Bmax 

MGOe 

Sm^Cog 

8.8-10.0 

8.7  -  9.5 

19.0  -  20.0 

19-25 

Sm2Coi7 

10.2-10.7 

9.6  - 10.3 

18.0  -  21.0 

24-28 

Nd-B-Fe 

10.4- 13.5 

18.0  -  21.0 

12.0  -  24.0 

26-44 

Sr-Fe-0 

2.05  -  4.35 

1.70  -  3.50 

2.35  -  4.20 

0.9-4.3 

Table  1:  PM  Material  Magnetic  Properties 

Several  temperature  characteristics  of  PM 
materials  need  to  be  considered  in  the  design  of  PM 
devices.  PM  materials  will  undergo  long  term  decay  of 
their  field  strength,  the  decay  amount  and  time  constant 
being  dependent  on  the  specific  material.  This  can  be 
considered  aging  and  may  be  avoided  by  “temperature 
stabilization”  of  the  material.  This  consists  of  heating  the 
magnetized  PM  material  to  a  temperature  greater  than  its 
highest  operating  temperature  for  several  hours,  which 
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essentially  pre-ages  the  material.  Other  important 
temperature  characteristics  of  these  PM  materials  are  the 
reversible  temperature  coefficients  of  Bj.  and  which  are 

different  from  each  other  and  vary  depending  on  the 
material.  The  reversible  temperature  coefficients  of  Bj. 

and  in  units  of  (%  Change  /  °C)  are  shown  in  Figure  2. 
The  coefficient  of  for  ceramic  is  positive,  which 

uniquely  creates  concern  for  low  temperature 
environments. 


0.40 


0.30 - - 

0.40 - ^ - 

0.50 - i  ■  i - 
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Figure  2:  Reversable  Temperature  Coeffcients 


The  radiation  damage  resistance  of  PM  materials 
has  been  investigated  by  several  researchers,  e.g.  [4],  [5]. 
For  Ba-Fe-0  ceramic  PM  materials,  no  damaging  effects 
on  magnetic  properties  are  observed  up  to  a  integrated  flux 

of  10  neutrons  /  cm  (fast  Epicadium  neutrons,  E  >  0.5 
eV  ).  Samarium  Cobalt  PM  materials  show  a  similar 
resistance  to  damage,  with  Sm2Coi7  generally  showing 
more  resistance  to  damage  than  SmiCo5  materials.  Nd-B- 

Fe  materials  however  show  significantly  less  resistance  to 
damage  with  noticeable  effects  observed  at  integrated  flux 
levels  of  10^  neutrons  /  cm^-  Results  for  rare  earth  based 
materials  are,  however,  somewhat  equivocal  with  the 
same  alloy  from  different  manufacturers  showing  quite 

different  damage  results. 

The  cost  of  PM  materials  varies  greatly, 
depending  on  the  specific  material,  the  accuracy  and 
amount  of  machining,  and  the  quantity.  The  maximum 
energy  product  (BxH)j^^ax  ^  reasonable  measure  of 


effectiveness  of  the  PM  material  in  magnetic  circuit 
design.  Based  on  actual  quotations  that  the  author  has 
received  in  the  last  year.  Figure  3  shows  the  cost  per  unit 
volume  ($  /cw?)  and  the  cost  per  unit  volume-E  ($  / 
cm^-E  observed  from  the  figure  that 

Ceramic  and  Nd-B-Fe  overlap  in  their  ($  /  cm^-E 
values. 


$0.30 

$0.24 

$0.18 

$/E-cm^ 

$0.12^ 
$0.06 
$0.00 


III.  PM  Multipole  Applications 

Although  many  applications  of  PM  multipoles 
have  been  implemented,  conventional  electromagnetic 
multipole  are  still  more  widely  used.  The  primary  reason 
is  the  requirement  for  adjustable  field  strength.  Although 
adjustability  can  be  implemented  in  PM  multipoles,  in 
many  other  cases  the  reason  that  they  are  not  used  is 
unfamiliarity  with  and  unavailability  of  the  technology. 
The  descriptions  below  show  several  easily  and 
economically  implemented  examples  of  PM  multipoles  for 
beam  transport. 

The  most  widely  adopted  example  of  PM 
quadrupole  (PMQ)  technology  is  for  beam  focusing  in  the 
drift  tubes  of  ion  linear  accelerators.  Figure  4  shows  the 
design  of  the  156  identical  PMQ’s  which  were  produced 
for  the  SSC  drift  tube  linac  (DTL).  These  PMQ’s  have  a 
gradient  of  133  T/m  and  integrated  strength  of  4.64  T. 
Their  cost  was  relatively  high  due  to  their  high  strength 
requirement  and  low  allowable  error  harmonics,  coupled 
with  the  compact  design.  The  PM  blocks  are  positioned  in 
a  “zero  clearance”  assembly  and  the  outer  housing  is  a 
press  fit  aluminum  ring.  This  design  requires  PM  blocks 
with  5  different  orientations  manufactured  with  very  high 
mechanical  and  magnetic  precision.  Tuning  is 
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Figure  4:  SSC  DTL  PM  Quadrupole 


accomplished  by  machining  the  bore  to  reduce  the  error 
harmonics  to  the  required  values. 

If  the  requirements  for  the  DTL  PMQ’s  are  less 
stringent  in  terms  of  aperture,  error  harmonics  and 
allowable  physical  size,  a  low  cost  design  is  possible. 
This  approach  is  applicable  for  example  in  linear 
accelerators  used  for  PET  isotope  production  and  neutron 
generation.  Typical  requirements  for  such  PMQ’s  are  a 
gradient  of  157  T/m  and  integrated  strength  of  4.0  T.  The 
design  for  such  a  PMQ  is  shown  in  Figure  5.  The  PM 
blocks  are  positioned  in  an  aluminum  spline  and  if  tuning 
is  required,  adjustment  may  be  accomplished  by  either 
machining  or  mechanical  displacement  of  the  PM  blocks. 

The  “Small  Recirculator”  experiment  presently 
underway  at  the  Lawrence  Livermore  Laboratory  [6],  is 
designed  incorporating  PM  quadrupoles.  The  requirements 
for  these  PMQ’s  leads  to  a  design  which  is  perhaps  the 
lowest  cost  possible.  The  required  integrated  strength  is 
0.93  Tesla  and  the  design  utilizes  8  PM  blocks  with  only 


Figure  6:  PM  Quadrupole  for  "Recirculator  Experiment" 
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one  orientation.  The  design  for  these  PMQ’s  is  shown  in 
Figure  6.  This  design  allows  the  quadrupole  magnets  to  be 
split  so  that  they  may  be  easily  be  installed  over  the 
vacuum  chamber. 

The  examples  above  describe  iron-free  ring 
quadrupole  designs.  A  different  approach  is  usually 
appropriate  for  the  design  of  dipole  magnets  for  charged 
particle  beam  bending.  Figure  7  shows  a  bending  magnet 
that  was  designed  for  the  SRL  Tandem  Cascade 
Electrostatic  Accelerator  for  target  switching  at  the  output 
of  the  accelerator.  This  magnet  has  a  field  strength  of 

=  3.6kGauss  and  an  effective  length  of  100  mm.  The 
design  incorporates  a  resistive  coil  for  adjusting  the  Bq 

value  by  approximately  ±25%.  The  disadvantage  of  such 
a  hybrid  PM  /  elecrto-magnet  design  is  that  the  coil  sees 
an  effective  air  gap  which  includes  the  thickness  of  the 
PM  layer,  thus  requiring  considerably  more  power  to 
excite  a  given  AB^  than  an  electromagnet  alone. 

The  entire  magnet  is  designed  so  that  it  can  be 
rotated  about  the  beam  axis,  allowing  beam  switching 
between  four  different  targets  for  the  production  of  PET 
isotopes. 


IV.  Planned  PM  Multipole  Applications 

Dr.  S.  Martin  at  the  KFA,  Jiilich,  Germany  has 
designed  a  “Proton  Pipe”  which  would  be  a  low  cost  and 
efficient  means  of  transporting  a  proton  beam  over  a  wide 
range  of  energies  from  30  MeV  to  200  MeV,  [7].  The  only 
adjustment  required  would  be  at  the  end  for  matching,  and 
this  could  be  accomplished  with  two  triplets  which  could 
also  be  PMQ’s,  with  the  variables  being  the  distance 
between  elements.  Figure  8  shows  the  beam  radius  and 
Beta  X  functions  for  a  matched  70  MeV  proton  beam. 


The  PMQ’s  for  this  Proton  Pipe  require  a  gradient 
of  1  Tesla/meter  and  a  length  of  25.4  mm.  The  distance 
between  the  F  and  D  elements  is  2  meters.  A  design  for 
the  PMQ’s  in  this  application  is  shown  in  Figure  9,  which 
is  based  on  Ceramic  PM  material.  The  cost  of  the 
quadrupoles  in  such  a  system  is  probably  comparable  with 
the  cost  of  the  vacuum  pipe  and  vacuum  system 
components. 

As  a  another  example  of  a  planned  new 
application,  a  very  high  frequency  low  current  linac  is 
being  studied  for  proton  radiation  therapy.  Quadrupole 
focusing  would  be  provided  by  PMQ’s  located  between 
multi-cell  cavities  in  a  3  GHz  RF  structure.  The  problem 
for  the  PMQ  design  in  this  application  is  in  the 
miniaturization  of  the  magnet  assemblies  and  the 
measuring  system.  Typical  requirements  for  these  PMQ’s 
are  a  gradient  of  200  Tesla/meter  and  a  length  of  40  mm. 
A  diagram  showing  the  proposed  design  and  the  scale  is 
shown  in  Figure  10. 
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Abstract 

The  statistics  of  the  measured  magnetic  data  of  80 
dipole,  400  quadrupole,  and  280  sextupole  magnets  of 
conventional  resistive  designs  for  the  APS  storage  ring  is 
summarized.  In  order  to  accommodate  the  vacuum 
chamber,  the  curved  dipole  has  a  C-type  cross  section  and 
the  quadrupole  and  sextupole  cross  sections  have  180"*  and 
120“  symmetries,  respectively.  The  data  statistics  include 
the  integrated  main  fields,  multipole  coefficients,  magnetic 
and  mechanical  axes,  and  roll  angles  of  the  main  fields. 
The  average  and  rms  values  of  the  measured  magnet  data 
meet  the  storage  ring  requirements. 

L  INTRODUCTION 

The  Advanced  Photon  Source  (APS),  now  undergoing 
commissioning  for  operations  at  Argonne  National 
Laboratory,  is  a  national  facility  dedicated  to  providing 
highly-brilliant  synchrotron  radiation  beams  [1],  The  APS 
accelerator  system  consists  of  a  7-GeV  positron  storage  ring 
(SR),  an  injector  synchrotron,  a  positron  accumulator  ring, 
and  a  linear  accelerator.  The  1104-m-circumference  SR  has 
40  sectors  of  Chasman-Green  lattice  with  two  dipole,  ten 
quadrupole  (quad),  seven  sextupole  (sext),  and  eight 
corrector  magnets  in  each  sector.  The  main  parameters  for 
the  SR  magnets  are  listed  in  Table  1.  The  five  quad 
families  have  three  different  magnetic  lengths  with  the 
same  two-dimensional  (2-D)  geometry  and  a  bore  radius  of 
40.0  mm.  The  four  sext  families  are  the  same  design  with  a 
bore  radius  of  49.0  mm.  The  80  dipole  magnets  are  excited 
by  a  single  power  supply  and  the  400  quads  and  280  sexts 
by  individual  power  supplies.  The  required  beam  stay-clear 
aperture  is  x  =  ±  35  mm  and  y  =  ±  25  mm. 

The  integrated  fields  and  field  qualities  for  all  SR 
magnets  have  been  measured  and  evaluated  to  a  few  parts 
in  10""^  to  verify  the  tolerance  requirements.  The  magnetic 
and  mechanical  axes  and  roll  angles  with  repect  to  the 
fiducials  located  on  top  of  the  magnets  were  measured 
within  tolerances  of  0.060  mm  and  0.3  mrad,  respectively. 
This  paper  summarizes  the  statistics  of  the  measured 
magnet  data  for  the  SR  magnets. 

IL  DESCRIPTION  OF  THE  MAGNETS 

In  spite  of  the  conventional  nature  of  the  magnets,  the 
designs  of  the  magnet  cross  sections  are  severely 
constrained  to  accommodate  the  vacuum  chamber  with  its 
antechamber.  Because  of  this  requirement,  rotation 
symmetries  of  180“  and  120“  have  been  chosen  for  the  quad 
and  sext  magnets,  respectively,  to  minimize  the  undesired 

*Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-3L109-ENG-38. 


multipole  field  components.  The  cores  of  the  magnets  use 
1.52-mm-thick  laminations  of  low-carbon  steel,  coated  on 
both  sides  with  "05”  or  a  13-|am-thick  "B-stage"  epoxy. 

The  C-type  lamination  core  of  the  dipole  magnet  is 
stacked  with  a  bending  radius  of  38.9611  m.  The  end-packs 
for  both  ends  of  the  lamination  core  are  assembled  with  20 
laminations.  The  pole-end  bevels  are  designed  so  that  the 
integrated  and  2-D  field  shapes  within  ±  25  mm  in  the 
transverse  direction  are  not  significantly  different.  Before 
magnetic  measurements,  the  production  dipoles  were 
installed  on  girders  and  corrected  for  any  mechanical 
distortions  of  the  magnets  along  their  lengths. 

In  order  to  accommodate  the  vacuum  chamber,  the  top 
and  bottom  halves  of  the  quad  are  not  connected  with  flux- 
return  yokes;  they  are  connected  mechanically  with 
aluminum  spacers  between  the  halves  [2].  Each  of  the  top 
and  bottom  halves  consists  of  two  welded  quadrant  stacks. 
The  magnet  has  pole-end  bevels  and  pole  chamfers. 

Table  1 

Main  parameters  for  the  SR  magnets. 

The  quads  have  five  families  and  the  sexts  have  four. 

Quad  aperture  radius=40.0  mm,  Sext  aperture  radius=49.0  mm 


Dipoles  B  1  (m)  Bp  I  (A)  Pole  Gap 
(T)  (Tm)  (mm) 

80  0.5991  3.06  23.349  450  60.0 


Quads 

Qi 

Q3 

Q4 

Q5 

#  Magnet 

80 

80 

80 

80 

80 

1  (m) 

0.50 

0.80 

0.50 

0.50 

0.60 

B’  (T/m) 

-10.84 

15.79  - 

10.59  -18.90 

18.25 

I  (A) 

215 

312 

210 

386 

370 

Sexts 

^2 

Sd 

Sp 

#  Magnet 

80 

80 

80 

40 

1  (m) 

0.2527 

0.2527 

0.2527 

0.2527 

B"  (TW) 

185.07 

-359.59 

415.0 

192.62 

I  (A) 

64 

135 

160 

67 

The  cores  of  the  sext  magnet  are  assembled  from  three 
identical  stacks  of  laminations,  each  with  two  poles  and  a 
flux-return  path  joining  them  [2].  The  vacuum  chamber 
extends  into  one  of  the  102-mm  air  gaps  between 
neighboring  stacks.  At  each  end,  12.7-mm-thick  stainless 
steel  plates  hold  the  core  sections  in  position;  they  are 
pinned  and  bolted  to  the  core  sections  with  an  assembly 
fixture.  The  assembly  of  the  magnet  using  the  stainless 
steel  plates  is  designed  so  that  the  upper  two  poles  of  the 
magnet  core  can  be  moved  for  installation  of  the  vacuum 
chamber. 
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III.  MEASURED  MAGNETIC  DATA 
STATISTICS 

A.  Dipole  Data 

The  production  dipoles  were  measured  comparatively 
with  respect  to  a  reference  dipole.  Two  sets  of  curved  coils 
were  connected  in  series,  one  fixed  in  the  reference  and 
one  in  the  testing  production  magnet.  The  integrated  field 
strengths  were  measured  by  ramping  the  excitation  current 
of  the  dipole  up  and  down  while  the  field  shapes  were 
measured  by  moving  the  coil  set  in  a  transverse  direction. 
A  second  reference  dipole  was  used  to  check  the  effects  of 
the  large  number  of  pulses  of  the  first  reference  dipole 
during  the  production  measurements.  The  probe  coils  are 
flat  printed  circuit  coils  connected  in  series  according  to 
the  curvature  of  the  magnet.  A  printed  circuit  coil  is  0.5  m 
long  with  an  average  width  of  6.8  mm,  height  of  3.3  mm, 
and  170  turns  [3]. 


Fig.  1.  Variations  of  the  integrated  fields  and  core  lengths 
for  the  SR  dipole  magnets. 
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Fig.  2.  Remanent  fields  of  the  SR  dipoles. 


magnet  measurements,  conducted  for  over  a  year,  the 
measurement  repeatability  for  the  reference  magnet  was  (2 
±1.5)xl0“l 

The  variations  of  the  integrated  fields  within  ±25  mm  of 
the  transverse  positions  were  less  than  1.5  x  lO""^  .  The  quad 
and  sext  coefficients  obtained  from  a  least  square  fit  of  the 
field  variations  in  the  midplane  of  the  pole  gap  are  shown 
in  Fig.  4.  Overall,  the  coefficients  at  the  operating  current 
of  450 A  are  less  than  1.5  x  10""^ . 


ABl/Bl  (10-4) 

Fig.  3.  Histogram  of  the  integrated  fields  for  the  SR  dipoles. 


Magnet  Serial  Number 

Fig.  4.  Quad  and  sext  coefficients  within  x=±25  mm 
in  the  midplane  of  the  SR  dipoles. 

B.  Quadrupole  Magnet  Data 

The  integrated  fields  and  multipole  field  coefficients 
were  measured  using  a  rotating  coil  technique.  The  probe 
coil  consists  of  "radial”  and  "tangential"  coils  on  one 
cylinder  [3].  The  integrated  field  quality  of  a  2-D  magnetic 
field  in  Cartesian  coordinates,  B  =  By  +  i  Bx,  is  expressed 


in  terms  of  dimensionless  normal  and  skew  multipole  field 
coefficients,  bn  and  an. 


Figures  1  and  2  show  the  relative  variations  of 
integrated  fields  at  495A,  0-500A,  lamination  core  lengths, 
and  remanent  dipole  fields  for  the  dipole  magnets.  It  is  seen 
that,  for  magnets  with  serial  numbers  61-83,  the  integrated 
fields  are  weaker  by  approximately  5  x  lO""^  on  average.  At 
the  same  time,  the  remanent  fields  are  higher  by  2  Gauss.  It 
is  clear  that  these  differences  are  due  to  different 
lamination  properties.  The  root-mean-square  (rms)  values  of 
the  integrated  fields  are  approximately  2.5  times  that  of  the 
core  lengths  due  to  the  tolerances  of  mechanical 
dimensions  of  the  magnets.  Because  of  these  weaker 
dipoles  with  higher  remanent  fields,  the  histogram  of  the 
integrated  fields  for  the  dipoles  in  Fig.  3  is  shifted  toward 
the  negative  side.  During  compilation  of  the  production 


B1  =  Bo  1  ^  (bn  +  i  an)  [(x  +  i  y)/ro]", 
n=0 

where  1  is  the  effective  magnetic  length  for  an  integral 
measurement  and  Bq  is  the  design  main  field.  (B*  = 

Bobi/ro  and  B"/2  =  Bob2/ro^  are  the  gradient  and  second- 
derivative  fields  of  quad  and  sext  magnets,  respectively.) 
The  multipole  coefficients  are  defined  as  bi  =  1.0  and  aj  = 
0  for  a  quad,  and  b2  =  1.0  and  a2  =  0  for  a  sext  magnet  at 
a  reference  radius  ro  =  25  mm. 

Similar  to  the  dipole  data,  the  integrated  quad  fields  at 
four  excitation  currents  and  the  remanent  fields  are  plotted 
in  Figs.  5  and  6  for  the  SR  0.5-m  quads.  It  has  been 
identified  that  the  steel  laminations  have  three  different 
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kinds  of  heat  treatment,  one  for  magnet  numbers  1-200  and 
two  for  201-250.  The  data  replotted  in  Fig.  7  shows  that 
those  quads  with  Br'l  higher  than  0.064T  have  weaker  B’l 
by  2  X  10"^  on  average  and  the  rms  is  relatively  larger.  It  is 
also  seen  that  the  rms  is  larger  at  higher  currents  for  all 
quads  and  the  spread  is  even  larger  for  those  with  higher 
Brl.  The  asymmetrical  shape  of  the  histogram  for  the  quad 
fields  plotted  in  Fig.  8  is  due  to  those  different  lamination 
properties. 


0  50  100  150  200  250 
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Fig.  5.  Variations  of  the  integrated  quad  fields 
for  the  SR  0.5-m  quads. 


Magnet  Serial  Number 
Fig.  6.  Integrated  remanent  quad  fields 
of  the  SR  0.5-m  quads. 
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Fig.  7.  Variationsof  the  integrated  quad  fields  at  four 
excitation  currents  vs.  remanences  for  the  0.5-m  quads. 

A  few  "forbidden”  multipole  coefficients  for  the  0.5-m 
quads  are  plotted  in  Fig.  9.  Even  if  the  quads  were 
assembled  from  four  quadrants,  Fig.  9  shows  that  both  the 
normal  and  skew  sext  coefficients  (b2  and  a2)  remain 
consistent  on  average  during  the  assembly  period.  On  the 
other  hand,  b3  gradually  increases  by  2  x  lO""^  over  the 


period,  which  seems  to  be  related  to  the  increase  of  the  B'l 
shown  in  Fig.  5  except  for  those  quads  with  higher  Br'l.  This 
suggests  a  decrease  in  the  gap  between  the  top  and  bottom 
halves  of  the  quads  as  the  quad  numbers  increased.  The 
data  spread  of  the  "allowed  coefficient"  b5,  shown  in  Fig. 

10,  is  due  to  the  dimensional  tolerances  of  20-mm-thick 
end-packs  with  end-bevels  for  the  ends  of  the  magnets. 
Other  allowed  higher  coefficients  hardly  changed.  During 
the  whole  period  of  the  measurement,  b3  of  the  reference 

quad  changed  less  than  0.2  x  10“"^- 
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Fig.  8.  Histogram  of  the  integrated  quad  fields 
for  the  SR  0.5-m  quads. 


Magnet  Serial  Number 
Fig.  9.  "Forbidden”  multipole  coefficients 
for  the  SR  0.5-m  quads. 
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Magnet  Serial  Number 
Fig.  10.  "Allowed"  multipole  coefficients 
for  the  SR  0.5-m  quads. 


The  axis  of  the  rotating  coil  was  aligned  to  the 
magnetic  axis  by  adjusting  the  magnet  position  to  where 
the  dipole  and  quad  field  components  of  the  quad  and  sext 
magnets,  respectively,  vanished.  Prior  to  this  procedure  the 
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bore  axis  of  the  quad  was  aligned  to  the  axis  of  the  two  air 
bearings  defining  the  axis  of  the  rotating  coil  using  the 
following  method.  A  laser  beam  unit  was  installed  and 
aligned  with  the  axis  of  the  air  bearing.  A  photo-quadrant 
detector  was  placed  at  the  bore  axis  of  the  magnet  aperture. 
After  detecting  the  beam  position  along  the  bore  axis,  the 
magnet  position  was  adjusted  to  align  the  bore  axis  to  the 
laser  beam.  This  procedure  not  only  ensured  parallelism 
between  the  bore  and  magnetic  axes  to  at  least  ±  0.2  mrad, 
but  it  also  enabled  measurement  of  the  offset  of  the  two 
axes. 


Magnet  Serial  Number 

Fig.  11.  Two  fiducial  positions  relative  to  the  magnetic  axes, 
yl  and  y2  have  an  offset  of  384.629  mm. 
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Magnet  Serial  Number 

Fig.  12.  The  roll  angles  on  top  of  the  core  surfaces 
when  magnetically  aligned  for  the  0.5-m  quads. 

Plotted  in  Fig.  1 1  are  the  two  fiducial  positions  relative 
to  the  magnetic  axis  which  were  measured  when  the  dipole 
components  and  the  roll  angles  of  the  quad  fields  were 
zero.  These  fiducial  ball  bases  were  welded  prior  to  the 
magnetic  measurements.  At  the  same  time,  the  angle  of  the 
core  surface  on  top  of  the  magnet,  shown  in  Fig.  12,  was 
measured  for  the  survey  and  alignment.  The  vertical 
positions  have  an  offset  of  384.629  mm.  It  is  seen  that  the 
rms  of  the  fiducal  positions  for  the  first  50  quads  is 
relatively  large,  suggesting  that  it  was  a  learning  period  of 
welding  the  fiducial  bases  to  specified  positions.  It  has 
been  found  that  the  horizontal  positions  and  the  angles 
have  a  relatively  weak  correlation;  the  average  value  of  the 
horizontal  positions,  -0.058  mm,  is  due  to  a  systematic  error 
of  the  angle  measurements  by  0.15  mrad,  assuming  that 


dimemsional  errors  of  the  quads  and  the  welded  fiducial 
positions  are  random. 

Shown  in  Fig.  13  is  the  offset  of  the  magnetic  and 
mechanical  axes.  During  the  magnetic  alignment,  a  magnet 
was  moved  only  in  parallel  from  the  mechanical  axis. 
Therefore,  only  the  average  coordinate  positions  for  the  two 
fiducials  are  plotted.  The  average  y-offset  for  all  0.5-m 
quads,  -0.059  mm,  is  due  to  the  fact  that  the  diameter  of  a 
photo-quadrant  detector  used  for  the  mechanical  axis  was 
0.051  mm  smaller  than  the  quad  aperture  diameter. 


Fig.  13.  The  offsets  between  the  magnetic  and 
mechanical  axes  for  the  0.5-m  quads. 

The  measured  data  statistics  for  all  0.5-m,  0.6-m  and  0.8-m 
quads  are  summarized  in  Table  2.  The  rms  of  the  integrated 
field  measurements  of  a  0.5-m  reference  quad  for  over  a 
year  was  1.1  x  lO""^,  and  those  for  the  fiducial  positions  and 
the  roll  angle  were  0.026  mm  and  0.083  mrad,  respectively. 
Table  2 


Measured  data  statistics  for  the  SR  quads. 

AB’l/Bl  in  10“"^  unit,  bn  and  an  at  r=25mm,  and  Ax  and  Ay 
_ are  (magnetic-mechanical)  axes. _ 


0.5-m  Quad 

.06-m  Quad 

0.8-m  Quad 

AB'1/B'1@312A 

±11.17 

±12.14 

±6.92 

AB'1/B'I@442A 

±16.25 

±10.79 

±8.47 

b2  (10-4) 

-1.11±1.11 

-1.0+0.86 

-0.72±0.94 

a2 

-0.08±1.12 

-0.01±01.03 

0.15±0.85 

b3 

-1.42±1.22 

-1.22±1.19 

-0.86±1.10 

b5 

-1.61±0.18 

-1.43±0.15 

-1.24±0.15 

b9 

-0.95±0.012 

-0.87±0.045 

-0.75±0.010 

Br'l  (10-2  T) 

6.24±0.33 

7.36±0.15 

10.28±0.16 

0  (mrad) 

0.046±0.177 

0.096±0.175 

0.108±0.221 

Ax  (mm) 

-0.037±0.028 

-0.034±0.032 

-0.044±0.033 

Ay  (mm) 

-0.059±0.036 

-0.062±0.031 

-0.048±0.031 

C.  Sextupole  Magnet  Data 

The  integrated  sext  fields  and  those  of  the  remanence 
are  plotted  in  Figs.  14  and  15  for  the  280  sexts.  It  is  seen 
that  there  are  at  least  three  levels  of  remanences.  The  data 
is  replotted  in  Fig.  16  to  see  the  correlation  between  the 
sext  strength  and  the  remanence.  For  sexts  with  lower  Br"l 
than  the  average  by  22%,  the  sext  strengths  are  higher  by  7 
X  10“^  on  average.  It  is  seen  also  that  the  data  spread  is 
larger  at  higher  current  for  all  magnets  and  more  severe  for 
those  with  higher  Br'T.  The  dipole  field  components  at 
150A  and  OA  are  plotted  in  Fig.  17.  The  total  dipole  field 
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for  all  the  sexts  at  150 A  is  approximately  3  x  10“^  of  the  80 
dipole  magnets.  The  multipole  coefficients  and  alignment 
parameters  for  the  sexts  are  much  less  stringent  compared 
to  those  for  the  quads. 


Magnet  Serial  Number 

Fig.  14.  Variations  of  the  integrated  sext  fields 
for  the  SR  sext  magnets. 


Fig.  15.  Variations  of  the  integrated  remanent  sext 
fields  for  the  SR  sexts. 
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Br"l(T/m) 

Fig.  16.  Integrated  sext  fields  vs.  remanences  for  the  sexts. 


IV.  SUMMARY 

Measured  data  and  allowed  tolerances  for  the  SR 
magnets  are  summarized  in  Table  3.  For  the  dipoles,  the 
use  of  laminations  with  different  properties  was  a  major 
factor  for  the  data  spread  of  dBl/Bl.  Within  ±25  mm  of  the 
transverse  positions,  the  variation  of  dBl/Bl  was  less  than  1 
X  lO""^.  Similarly,  the  data  spreads  of  the  field  strengths  for 


the  quads  and  sexts  were  due  to  different  lamination 
properties.  Because  of  the  use  of  individual  power  supplies 
for  these  magnets,  the  magnitude  of  the  spread  is  not  an 
issue.  The  consistency  of  the  data  for  the  multipole 
coefficents,  the  fiducial  positions,  the  offsets  of  the 
magnetic  and  mechanical  axes,  and  the  roll  angles  indicate 
that  the  mechanical  tolerances  of  the  quad  and  sext 
magnets  were  well  maintained  during  the  entire  magnet 
fabrication  period.  The  rms  of  the  fiducial  position  and  roll 
angle  for  the  reference  0.5-m  quad  data  during  the  period  of 
the  production  measurements  were  0.025  mm  and  0.12 
mrad,  respectively. 
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Fig.  17.  Integrated  dipole  field  components  at  150A 
and  remanences  for  the  SR  sexts. 

Table  3 


Data  summary  for  the  SR  magnets.  Relative  field  strengths 
_ and  multipole  coefficients  are  in  10""^. _ 


measured 

average 

measured 

rms 

allowed 

tolerance 

Dipoles  ABl/Bl 

4.37 

5.0 

-0.67 

0.35 

2.5 

^2 

0.94 

0.10 

3.1 

Quads  AB’l/B'l 

11.3 

5.0 

b2 

-0.95 

1.01 

2.5 

a2 

-0.02 

1.08 

2.5 

bs 

-1.22 

1.27 

3.1 

Sexts 

31.6 

25.0 

t>3 

0.76 

2.45 

31.0 

a3 

1.78 

3.30 

31.0 

Reference  x.v 

0.026 

0.060 

(mm) 

Quad  6  (mrad) 

0.12 

0.30 

Measurment  repeatabilites  for  dipole,  quad,  and  sext  were 
1.5,  1.1,  and  5  in  lO""^  unit. 
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Abstract 

Injector  for  the  3^^  generation  synchrotron  light  source  BESSY 
II  [1]  is  a  1.9  GeV  full  energy  10  cps  rapid  cycling  synchrotron. 
The  96  m  circumference  FODO  lattice  consists  of  16  cells  having 
one  H'type  dipole  and  the  F  and  D  quadrupole  magnets  on  a  com¬ 
mon  girder.  A  complete  pre-series  cell  has  been  manufactured 
by  the  Budker  Institute  of  Nuclear  Physics  (BINP),  Novosibirsk. 
Detailed  investigations  of  the  field  quality  were  performed  at 
BINP  as  well  as  at  BESSY. 

L  INTRODUCTION 

The  lattice  structure  of  the  BESSY  II  booster  synchrotron  con¬ 
tains  16  bending  magnets  of  2.62  m  length  and  32  quadrupole 
lenses.  The  energy  gain  in  the  booster  between  injection  at 
50  MeV  and  extraction  at  1,9  GeV  is  as  large  as  38.  The  dipole 
field  varies  according  to 

B{t)  =  ^-^0(1  —  acosojt)  (1) 

with  a  =  0,95,  lj  =  27rl0  cps  and  Bo  =  0,95  T,  thus  the  re¬ 
sulting  field  levels  are  Rinj  =  0.025  T  and  Rext  =  0.95  T.  The 
dynamical  range  for  the  quadrupole  lenses  is  ^inj  =  0.29  T/m  to 
^ext  —  11.2  T/m. 

BINPmanufactured  a  complete  booster  cell,  fig.  1.  Field  mea¬ 
surements  were  performed  on  the  prototypes  at  Novosibirsk  and 
at  Berlin. 

II.  DESIGN  AND  MANUFACTURING  OF  THE 
SYNCHROTRON  MAGNETS 

A.  Synchrotron  Dipoles 

The  synchrotron  bending  magnets,  fig.  2,  are  of  H-type.  The 
core  is  built  from  four  individual  blocks  forming  a  polygon  rather 
than  having  a  curved  core  following  the  radius  of  curvature  of 
6.67  m.  Low  carbon  2%  silicon  steel  grade  GOST  2312  of  0.5 
mm  thickness  is  used  for  the  laminations.  The  coercive  force  of 
this  steel  is  within  the  limit  of  He  =  (60  ±  5)  A/m.  The  indi¬ 
vidual  blocks  are  stacked,  pressed  between  epoxy  impregnated 
end  packs  and  finaly  welded  to  four  steel  bars  to  achieve  a  rigid 
assembly.  The  stacking  factor  is  97.5%.  A  Rogowski  type  of 
chamfer  is  applied  to  the  ends  of  the  core.  The  achieved  flatness 
of  the  poles  is  0.08  mm  while  the  gap  varied  less  than  ±0.03  mm 
for  the  prototype.  The  coils  are  made  from  rectangular  OFHC 
copper  conductor,  22  x  22  mm^  in  size  with  a  8  mm  diameter 
cooling  duct.  Though  the  large  size  of  the  conductor  gives  eddy 
current  losses  of  about  0.5  kW  in  the  coil,  the  total  voltage  across 

*Fundcdby  the  Bundesministeriumfur  Bildung,  Wissenschaft,Forschung  und 
Technologie  and  by  the  Land  Berlin 


Figure.  1.  Unit  cell  (1/16  of  the  synchrotron)  with  one  dipole 
and  two  quadrupole  magnets  on  a  common  girder. 


Magnet 

H-type,  parallel  ends 

Repetition  frequency 

10  cps 

Max,  field 

IT 

Gap 

36  mm 

Core  length 

2602.5  mm 

No  of  turns 

12 

Resistance 

2.87  mfi 

Inductance 

2.57  mH 

Current 

2400  A 

Power  loss 

7.1  kW 

Table  I 


the  dipole  circuit  does  not  exceed  3  kV  due  to  the  small  induc¬ 
tance.  Table  1  gives  a  list  of  electrical  and  magnetic  data  for  the 
bending  magnets. 

B,  Synchrotron  Quadrupoles 

For  the  quadrupoles,  the  same  steel  quality  and  techniques  are 
used  as  for  the  dipole.  F  and  D  quads  are  identical,  both  hav¬ 
ing  a  300  mm  long  symmetrical  core  and  an  aperture  radius  of 
r  =  35  mm,  fig.  3.  The  race  track  coils  are  wound  from  a 
12.5  X  12.5  mm^  hollow  copper  profile  giving  a  total  voltage 
drop  for  each  family  of  650  V.  The  main  magnetic  and  electrical 
parameters  are  summarized  in  table  2, 

III.  Field  Mesurements 

Magnetic  measurements  were  performed  on  the  dipole  and  the 
quadrupole  lenses  at  BINP  using  a  hall  probe  array  of  11  probes 
calibrated  with  NMR.  Complete  field  maps  of  the  dipoles  and 
quadrupoles  were  measured  with  the  array  on  a  chariot  passing 
on  the  magnet  mid  planes.  For  the  harmonic  analysis  rotating 
coils  were  used,  and  flat  coils  for  AC  excitation  of  the  bending 
magnet.  AC  measurements  of  the  dipoles  and  harmonic  analysis 
of  quadrupoles  were  repeated  after  delivery  of  the  magnets  using 
a  DANFYSIK  Model  692  harmonic  measurement  system.  Ex¬ 
cellent  agreement  of  the  measurement  results  was  achieved  de- 
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spite  the  6000  km  trip  of  the  synchrotron  magnets  from  the  BINP 
works  to  Berlin. 

A.  Dipole  Field  Quality 

The  bending  strength  f  B^dl  was  determined  as  a  function  of 
the  horizontal  position  at  current  settings  from  60  A  to  3000  A, 
corresponding  to  fields  ranging  from  0.025  to  1.25  T,  fig.  4.  Ex¬ 
cept  for  the  lowest  excitation  level,  the  relative  bending  strength 
is  constant  within  ±3.5  •  10“"^  in  the  good  field  area  of  52  x 
28  mm^.  Only  at  250  G  the  influence  of  the  11  G  remanent  field 
leads  to  a  nonhomogeneity  of  ±6  •  lO"”"^. 

Electrons  were  tracked  through  the  mapped  DC  fields,  assum¬ 
ing  that  the  particle  momentum  corresponds  to  an  exact  22,5® 
bend.  The  deviation  of  the  trajectories  from  the  ideally  constant 
radius  of  curvature  was  calculated,  fig.  5.  A  maximum  devia¬ 
tion  of  0.5  mm  results  from  the  effective  magnetic  length  which 
is  11  mm  more  than  the  design  value  of  2619  mm.  Therefore, 
the  series  magnets  will  be  shortened  by  this  amount,  reducing  the 
sagitta  to  less  than  0.1  mm.  The  offset  of  the  orbit  at  the  magnet 
exit  is  due  to  asymmetries  of  the  field  distribution  along  the  beam 
orbit,  leading  to  amplitudes  of  0.2  mm.  Again,  the  remanent  field 
leads  to  twice  this  distortion  at  injection. 


Magnet  type 
Repetition  frequency 
Max.  gradient 
Aperture  radius 
Core  length 
No  of  turns 
Resistance 
Inductance 
Current 
Power  loss 


symmetrical  quad 
lOcps 
14T/m 
35  mm 
300  mm 
11 

7  mQ 
1.76  mH 
630  A 
1.1  kW 


Table  II 


Figure.  4.  Relative  bending  strength  in  the  mid  plane  for  7  dif¬ 
ferent  current  settings  corresponding  to  bending  fields  of  0.025 
to  1.25  T. 


Measurements  at  10  cps  AC  showed  a  reduction  of  the  effec¬ 
tive  magnetic  length  of  up  to  7  *  10"“^  during  ramping.  This  ef¬ 
fect  is  due  to  the  eddy  current  field  in  the  coil  overhang.  Using 
the  POISSON  code  [2]  the  eddy  currents  were  determinded  from 
the  field  at  the  location  of  the  individual  coil  conductors.  Thus, 
the  eddy  current  induced  magnetic  field  was  calculated  resulting 
in  a  time-dependent  variation  of  the  bending  strength  which  is 
shown  as  a  solid  line  in  fig.  6.  The  agreement  with  the  experi¬ 
mental  data  is  excellent  demonstrating  that  there  are  no  satura¬ 
tion  effects  at  the  magnet  ends. 

B,  Synchrotron  Quadrupole 

A  harmonic  analysis  of  the  quadrupole  lenses  was  performed 
at  DC  for  various  excitation  levels.  A  typical  example  for  the 
consistancy  of  data  taken  at  BINP  and  by  BESSY  is  shown  in  fig. 
7,  where  the  relative  integrated  quadrupole  strength  d{GL)l GL 
is  plotted.  The  error  bars  were  estimated  from  a  detailed  study  of 
the  256  measured  angular  steps  and  the  fitted  harmonics  allowing 
to  determine  the  variance  of  the  multipole  coefficients. 

The  relative  gradient  distribution  dG / G  measured  with  a  short 
coil  at  the  center  of  the  magnet  is  constant  in  the  mid  plane  within 
±6  •  10"^ 

The  integrated  quadrupole  strength  d{GL)  / GL,  fig.  7,  shows 
nevertheless  significant  contributions  of  multipoles  N  =  6  and 
N  =  10  from  the  fringe  field,  resulting  in  non-homogeneity  of 
d(GL)/GL  of  up  to  1.5%  in  the  mid  plane.  A  special  chamfer 
was  developped  by  cutting  the  outer  edges  of  the  poles  sensitive 
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Figure.  5.  Difference  orbits  of  tracked  particles  with  respect  to 
an  ideal  hard  edge  field  distribution  for  7  different  measured  field 
maps  ranging  from  injection  energy  to  the  final  energy. 


Figure.  6.  Calculation  of  the  relative  variation  of  bending 
strength  during  the  ramp  resulting  from  eddy  current  fields  in  the 
coil  (solid  curve)  compared  to  experimental  data. 


to  the  N  =  6  only.  By  varying  the  length  L  of  this  chamfer  the  ra¬ 
dial  homogeneity  in  the  mid  plane  was  considerably  improved, 
fig.  8.  At  a  chamfer  length  of  L  =  31  mm  the  dodecapole  van¬ 
ishes  completely. 

An  iso-error  curve  at  d(GL)/GL  <  3- 10”^  for  the  L  =  Oand 
L  =  31  mm  chamfer  length,  fig.  9,  demonstrates  the  significant 
increase  of  the  physical  good  field  area  to  54  mm  horizontally 
and  40  mm  vertically  for  the  chamfered  magnet.  The  pattern  of 
the  contour  clearly  resembles  the  dominating  contribution  of  the 
N  =  6  for  no  charrfer  and  N  =  10  for  the  3 1  mm  deep  cut. 
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Figure.  7.  Relative  focussing  strength  in  the  mid  plane.  Dashed 
curve  BINP  data,  solid  curve  measurements  performed  after  de¬ 
livery  at  BESSY. 


Figure.  8.  Relative  gradient  distributions  at  mid  plane  for  dif¬ 
ferent  chamfer  lengths. 
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Figure.  9.  Iso-error  curves  for  chamfer  of  L  =  0  and  L  = 
31  mm. 
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SEGMENTED  HIGH  QUALITY  UNDULATORS 

J.  Chavanne,  P.  Elleaume,  P.  Van  Vaerenbergh 
European  Synchrotron  Radiation  Facility,  B.P.  220,  F-38043  Grenoble  Cedex,  France 


Several  issues  related  to  the  engineering  of  permanent 
magnet  undulators  and  wigglers  are  addressed.  Shimming 
performs  the  correction  of  the  integrated  multipole 
components  and  provides  a  high  brilliance  on  high  harmonic 
numbers  of  the  radiation  spectrum.  A  design  of  termination 
is  given  which  allows  the  removal  of  any  electro-magnet 
correction  on  hybrid  wigglers.  Another  design  of 
termination  is  presented  which  allows  the  phasing  of  two 
pure  permanent  magnet  undulators  at  any  gap  value. 
Finally,  some  magnetic  designs  are  presented  which  allow  a 
high  magnetic  field  for  a  short  or  medium  spatial  period. 

L  ESRF  Insertion  Devices 

The  European  Synchrotron  Radiation  Facility  (ESRF)  is 
a  third  generation  synchrotron  source  optimised  to  produce 
Hard  X-rays  in  the  1  to  100  keV  range.  The  commissioning 
of  the  source  started  in  1992  and  it  has  been  open  to  the  user 
community  since  1994.  The  majority  of  the  beamlines  use 
an  insertion  device  (ID)  as  a  source  point  which  generates 
high  fluxes  and  brilliance  in  the  2  to  40  keV  range  of  photon 
energy.  26  IDs  have  been  installed  with  fields  ranging  from 
0.1  to  5  Tesla  and  spatial  periods  from  22  to  230  mm.  All 
these  IDs  have  been  designed,  built  and  measured  in-house. 
They  are  nearly  all  made  of  permanent  magnet  material  with 
magnet  blocks  placed  in  the  air  outside  the  vacuum  chamber 
of  the  electron.  The  minimum  magnetic  gap  is  presently  20 
mm  and  will  be  reduced  to  16  mm  in  1995  by  changing  the 
vacuum  chambers.  The  source  is  optimised  for  a  high 
brilliance  which  has  recently  reached  the  record  1.0  10^^ 
phot./sec/.  1  %/mm2/mrad2  at  a  photon  energy  of  14  keV.  A 
factor  10  improvement  is  envisaged  in  the  near  future. 

II.  Magnetic  Field  Shimming 

A.  Multipole  Shimming 

Special  steel  plates  (shims)  with  typical  dimensions  of  5 
X  20  X  0.2  mm  are  placed  at  specific  places  on  the  surface  of 
the  magnetic  blocks  to  eliminate  all  multipoles.  The 
following  table  shows  the  typical  residual  multipoles  as 
measured  on  the  12  conventional  undulators  built  so  far. 

Dipole  <  20  Gem 

Quadrupole  <  10  G 

Sextupole  <  10  G/cm 


Octupole  <  10  G/cm2 

Decapole  <10  G/cm3 

These  values  apply  for  both  normal  and  skew 
components  of  the  multipoles  at  any  value  of  the  magnetic 
gap  above  20  mm  without  any  electro-magnet  corrector. 
This  shimming  technique  has  been  applied  routinely  to  all 
IDs  produced  at  the  ESRF. 

B,  Spectrum  Shimming 

A  refinement  of  this  shimming  has  been  implemented 
that  allows  the  correction  of  the  so-called  phase  errors 
allowing  an  enhancement  of  the  brilliance  on  the  high 
heirmonic  number.  By  using  this  technique  it  is  now 
possible  to  routinely  build  undulators  with  a  brilliance  of 
more  than  80%  of  that  of  a  perfect  one,  up  to  harmonic  #15. 
95%  has  been  reeched  on  a  few  undulators.  This  technique 
is  now  routinely  applied. 


Fig:l  Terminaison  of  an  Hybrid  Wiggler 
generating  extremely  low  field  integral  at 
any  gap  above  20  mm. 
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III.  Undulator  Termination 

A.  Hybrid  Termination 

One  of  the  most  delicate  design  works  in  a  hybrid  wiggler  is 
the  termination.  Fig.  1  presents  a  termination  of  a  wiggler 
that  we  have  designed  with  our  own  3D  magnetostatic  code 
[1].  It  is  optimised  to  produce  negligible  field  integrals  as  a 
function  of  the  magnetic  gap.  The  field  integral  measured 
on  the  1.6  m  long  device  fluctuates  in  the  range  of  ±  15  G- 
cm  for  both  the  horizontal  and  vertical  components  of  the 
field  at  any  gap  value  without  any  electro-magnet 
correction.  The  peak  field  of  this  wiggler  is  0.85  T  at  a  gap 
of  20  mm.  Both  terminations  were  in  the  most  delicate 
symmetric  configuration  which  prevents  any  residual  field 
integral  error  from  canceling  as  it  is  the  case  in  the  so-called 
antisymmetric  configuration.  Two  of  these  wigglers  are  now 
installed  on  the  ring  and  are  routinely  operated  without  any 
correction.  For  safety  reasons  we  have  left  some  space  for 
inserting  a  coil  (see  Fig.l),  however,  this  is  not  used. 

B,  Phasing  Section 

The  straight  sections  of  the  ESRF  are  5  m  long.  The 
undulators  installed  in  these  sections  are  segmented  in  three 
units  each  1.65  m  long.  The  segmentation  allows  the  use  of 
several  different  and/or  identical  IDs  in  the  same  straight 
section.  If  the  field  and  period  of  the  adjacent  sections  are 
identical,  one  needs  to  phase  the  segments  with  respect  to 

Undulator  #  1  Phasing  Section  Undulator  #  2 

II - II - 


Figure  2:  Termination  of  a  pure  permanent  magnet 
undulator  which  allows  nearly  perfect  phasing  over 
harmonics  1  to  21  for  any  gap  value  between  15  and  50 
mm. 


each  other  to  obtain  the  optimum  brilliance. 

Fig.  2  presents  the  magnetic  design  that  we  have 
produced  which  is  capable  of  phasing  two  undulator 
segments  with  a  period  of  40  mm  within  the  whole  gap 
range  of  15  to  50  mm. 

Note  that  we  have  intentionally  left  a  longitudinal  gap 
between  the  magnets  arrays  of  5.6  mm  in  order  to  reduce 
any  magnetic  or  mechanical  interactions  between  each 
segment.  Fig.  3  presents  the  peak  angular  flux  computed  on 
various  odd  harmonics  of  the  radiation  spectrum  from  the 
field  of  2  such  segments,  each  12  periods  compared  to  the 
one  of  a  single  undulator  of  25  periods.  One  notices  that  the 
phasing  section  provides  ideal  performance  up  to  harmonic 
21  at  a  gap  of  15  mm  and  it  has  a  low  dependence  on  the 
magnetic  gap. 


Harmonic  Number 

Figure  3:  Peak  angular  flux  computed  as  a  function  of 
the  odd  harmonic  of  the  spectrum  for  a  25  period  undulator 
and  2  segments  of  12  periods  phased  according  to  Fig.2, 

Note  that  such  performance  would  not  be  reached  if  one 
removed  the  phasing  section  of  Fig.2  except  if  one  placed 
both  undulator  segments  in  close  contact  which  would 
seriously  complicate  both  installation  and  control.  Another 
advantage  with  our  phasing  section  is  that  both  undulator 
segments  are  still  fully  independent,  one  can  switch  one, 
two  or  three  segments  remotely  without  any  intervention  in 
the  ring  tunnel.  This  feature  is  particularly  attractive  to 
match  the  ring’s  current  condition  to  the  maximum 
acceptable  heat  load  in  the  beamline.  6  undulator  segments 
of  this  type  have  been  ordered  and  installation  in  the  tunnel 
should  start  before  the  end  of  1995. 
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IV  New  Magnetic  Designs 

For  some  applications  it  is  essential  to  obtain  the  maximum 
field  for  a  given  spatial  period.  One  way  is  to  reduce  the 
magnetic  gap,  another  approach  is  to  optimise  the  magnetic 
design.  Figure  4  presents  a  magnetic  design  for  a  pure 
permanent  magnet  assembly  which  is  easy  to  manufacture 
and  achieves  11%  higher  field  at  the  minimum  gap  of  15 
mm.  Two  undulators  of  this  type  are  currently  being 
measured  and  will  be  installed  before  the  end  of  1995.  The 
price  to  pay  is  a  reduction  of  the  transverse  roll-off  of  the 
peak  field.  _ 
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Figure  4:  Pure  permanent  magnet  design  of  an  undulator 
which  allows  a  11%  higher  magnetic  field  than  a 
conventional  design  of  the  same  period  (40  mm)  and  same 
gap  (15  mm). 

For  some  other  applications  the  highest  peak  field  is 
desirable  together  with  a  reasonably  short  period.  In  these 
cases  hybrid  technology  which  combines  NdFeB  magnets 
and  poles  made  of  cobalt  steel  with  a  high  saturated  field  is 
the  most  effective.  Fig.  5  presents  a  design  of  one  period  of 
such  a  wiggler.  It  presents  a 

150  mm  period.  For  a  magnetic  gap  of  20  mm  a  peak  field 
of  1.9  T  has  been  measured  in  good  agreement  with  the 
modeling.  With  the  new  chambers  of  16  mm,  a  field  of 
2.15  T  is  expected.  Two  of  such  wigglers  have  been  built 
and  installed  on  the  ring.  By  reoptimising  the  design  and 
operating  with  a  10  mm  magnetic  gap,  we  believe  that  a 
peak  field  of  3  T  could  be  reached  with  a  period  around  200 
mm. 

A  higher  field  would  require  the  superconducting  electro¬ 
magnet  technology.  A  5  T  three  pole  device  has  been 
designed  and  built  by  Siemens  for  the  ESRF.  It  has  an 
effective  period  of  200  mm,  a  warm  bore  with  a  beam 


NdFeB  Cobalt  Steel 


Figure  5:  Magnetic  design  of  a  high  field  hybrid  wiggler 
with  150  mm  period  and  peak  field  of  1.9  T  for  a  20  mm 
gap. 

stay  clear  of  16  mm.  This  wiggler  is  currently  in  operation. 
Its  cryostat  is  equipped  with  a  small  refrigerator  which  cools 
two  shields  at  70  and  20  deg  K  respectively.  A  Joule 
Thomson  loop  pre-cooled  by  the  refrigerator  makes  the 
necessary  cooling  capacity  at  4  K  to  fully  recondense  the 
boiling  Helium.  Such  a  refrigerator  significantly  reduces 
the  running  costs. 

Finally  one  should  mention  the  installation  of  three  variable 
polarisation  linear/helical  undulators  with  periods  of  52  and 
85  mm.  The  concept  for  this  undulator  has  already  been 
published[3].  Their  most  important  feature  is  to  allow  the 
user  to  select  independently  the  vertical  and  horizontal 
component  of  the  magnetic  field  together  with  their  phase. 
They  cover  the  photon  energy  range  from  0.5  to  20  keV 
with  linear/circular  polarisation  rates  in  the  90  to  100  % 
level.  Circularly  polarised  radiation  of  higher  energy  is 
obtained  from  two  asymmetric  wigglers  [4]  with  respective 
peak  fields  of  1.1  and  1.9  Tesla  and  from  the 
superconducting  wiggler. 
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DESIGN  OF  THE  PEP-II  LOW-ENERGY  RING  ARC  MAGNETS* 


T.  Henderson,  N.  Li,  J.  Osborn,  J.  Tanabe,  D.  Yee,  and  R.  Yourd, 
Lawrence  Berkeley  Laboratory,  Berkeley,  CA  94720  USA, 

W.  Du,  Y.  Jiang,  and  Y.  Sun,  Institute  for  High  Energy  Physics,  P.  R.  China 


We  describe  the  PEP-II  Low-Energy  Ring  (LER)  arc 
quadrupole  and  dipole  magnets,  being  designed  and  built 
by  a  Lawrence  Berkeley  Laboratory  (LBL)  and  Institute  of 
High  Energy  Physics  (IHEP)  collaboration.  The  LER 
requires  292  "standard”  43-cm  long,  10-cm  bore  aperture 
laminated  quadrupoles.  A  2-piece  construction  was  chosen 
to  reduce  the  influence  of  assembly  tolerances  on  field 
quality.  Laminations  with  an  optimized  pole  profile  are 
punched  from  1  m  x  2  m  x  0.5  mm  steel  sheet,  a  standard 
product  in  China.  The  chosen  design  is  patterned  after  that 
of  the  Advanced  Light  Source  (ALS)  booster  quadrupole. 
As  some  of  the  quadrupoles  are  run  in  long  strings  and 
others  in  short  strings,  two  coil  types  (15-tum  and  58-tum, 
each  with  several  cooling-circuit  topologies)  are  being 
fabricated.  The  majority  of  coils  are  aluminum  but  a  few 
quadrupoles  require  copper  coils  due  to  their  high 
excitation.  Fabrication,  assembly,  magnetic  measurements 
and  fiducialization  will  be  carried  out  at  IHEP.  Dipoles 
will  be  fabricated  similarly.  We  require  192  dipoles,  45-cm 
long,  with  a  magnetic  radius  of  13.75  m  and  a  good- field 
aperture  of  90  mm;  the  pole  shape  is  optimized  for  field 
levels  up  to  3.5  GeV  beam  energy.  Coils  are  an  aluminum 
pancake  configuration  designed  to  keep  power 
consumption  moderate, 

1.  COLLABORATION 

The  construction  of  PEP-II  is  a  joint  collaboration  of 
scientists,  engineers,  and  technicians  at  three  institutions  in 
the  U.  S.  (SLAC,  LBL,  and  LLNL).  An  international 
collaboration  has  been  established  with  IHEP  in  the  P.  R.  of 
China  to  develop  and  produce  some  of  the  LER  arc 
magnets  (Fig.  1).  Scientists  and  engineers  from  IHEP 
visited  LBL  in  the  summer  of  1994  to  review  magnet 
requirements  and  to  participate  in  the  development  of  the 
designs  for  both  the  quadrupole  and  dipole  magnets 
required  for  the  PEP-II  LER.  Discussions  extended  to 
methods  of  magnetic  measurements  and  fiducialization  of 
the  magnets.  Arrangements  for  the  construction  of  magnet 
prototypes,  the  production  quantities,  and  measurement  and 
fiducialization  of  the  magnets  were  formalized  in  two 
agreements  signed  by  representatives  of  IHEP,  LBL,  and 
SLAC  in  November,  1994  and  March,  1995.  The  schedule 
calls  for  the  completion  of  the  quadrupole  prototype  by 
July,  1995,  the  dipole  prototype  by  November,  1995  and 
fabrication  of  the  production  quantities  of  magnets  through 

February,  1997. _ 

*Work  supported  in  part  by  the  Director,  Office  of  Energy 
Research,  Office  of  High  Energy  and  Nuclear  Physics, 
High  Energy  Physics  Division  of  the  U.  S.  Department  of 
Energy,  under  contract  number  DE-AC03-76SF00098. 


II.  MAGNET  REQUIREMENTS 

The  LER  is  designed  to  operate  for  positron  energies 
which  range  between  2.4  to  3.5  GeV.  The  multipole  values 
listed  below  are  normalized  to  the  fundamental  at  the 
indicated  radius. 

A.  Quadrupoles 


No.  Required: 

292 

Bore  Radius: 

50  mm 

Effective  Length: 

430  mm 

Excitation  Range: 

0.67  <B’<  19.21  T/m 

String  Magnet  Excitation: 

4.5T/m@3.1GeV 

Magnet-to-Magnet 

Reproducibility: 

<  1x10“^ 

Line-Integral  Field  Quality 
Systematic  Multipoles: 

<  1x10"^  at  50  mm  radius 

Random  Multipoles: 

<  5x10’^  at  50  mm  radius 

B.  Dipoles 

No.  Required: 

192  +  8  for  Wiggler  Chicanes 

Magnet  Gap: 

63.5  mm 

Effective  Length: 

450  mm 

Central  Field: 

0.75  T@  3.1  GeV 

Magnet-to-Magnet 

Reproducibility: 

<  1x10-3 

Line-Integral  Field  Quality 
Uniformity: 

<  1x10-3  for  -45  <  x  <  45  mm 

Sextupole  Content: 

<  IxlO""^  at  30  mm  radius 

Figure  1:  Tom  Henderson  (LBL)  and  Jiang  Yan  Ling 
(IHEP)  with  punch  from  quadrupole  lamination  die  set. 
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III.  QUADRUPOLE  DESIGN 

The  majority  of  the  quadrupoles  are  divided  among 
two  families  which  are  connected  in  two  long  power  supply 
strings.  Other  quadrupoles  control  the  dispersion,  the  tune, 
and  shape  the  beam  in  the  wiggler  and  interaction  regions 
of  the  lattice  and  are  connected  in  short  power  supply 
strings.  Because  of  these  varied  applications,  and  since  the 
LER  lattice  is  designed  to  operate  over  a  range  of  energies 
(2.4  to  3.5  GeV)  a  common  magnet  design  was  needed  to 
satisfy  a  wide  range  of  excitation.  Detailed  design  of  the 
PEP-II  LER  quadrupoles,  including  a  summary  of  two- 
dimensional  magnetostatic  calculations,  electrical 
parameters  and  water  flow  and  cooling  calculations,  is 
included  in  reference  [1]. 

A.  Yoke  design 

A  yoke  design  (Fig.  2)  was  chosen  and  analyzed  to 
satisfy  the  demanding  field-quality  requirements  for  the 
quadrupoles  over  a  wide  range  of  excitation.  This  same 
yoke  design  is  shared  among  all  the  quadrupoles  in  the 
LER  except  for  selected  magnets  in  the  interaction  region. 


Figure  2:  Quadrupole  Layout  with  15  turn  per  pole  Coil. 


The  pole  tip  design  is  a  scaled  version  of  the  optimized 
pole  originally  developed  for  the  ALS  (scaled  from  32.5 
mm  to  50  mm  pole  radius).  The  original  pole  shape  was 
shared  among  the  ALS  booster,  storage  ring,  and  beam 
transport  quadrupoles  and  was  developed  with  the  goal  of 
reducing  the  multipole  errors  allowed  by  the  four-fold 
rotational  symmetry  (n=6, 10,  14, 18,..,)  to  values  <  1x10"^ 
of  the  fundamental  when  measured  at  the  pole  radius.  With 
this  high  quality  for  the  two-dimensional  field,  the  chamfer 
developed  to  minimize  the  multipoles  due  to  the  three 
dimensional  fringe  fields  can  be  used  for  any  magnet, 


independent  of  its  magnetic  length.  This  allowed  us  to 
scale  both  the  chamfer  and  the  pole  shape  for  the  PEP-II 
LER  quadrupoles  from  the  ALS  design  with  full  confidence 
that  the  field  quality  for  the  line  integral  of  the  magnet  will 
meet  the  same  good-field  quality  as  achieved  for  the  ALS. 

The  yoke  is  made  in  two  pieces  rather  than  four  pieces 
to  enhance  its  rigidity  and  simplify  magnet  assembly.  This 
made  it  possible  to  reduce  the  potential  assembly  errors  and 
the  resulting  random  multipole  errors.  The  advantages  of 
this  approach  were  first  exploited  during  the  fabrication  of 
the  PEP  Insertion  quadrupoles  in  1979[2].  The  ease  of 
precisely  shimming  the  halves  of  the  two  piece  magnet 
with  respect  to  each  other  allows  the  cancellation  of 
selected  multipole  errors[3]. 

B.  Coil  design 

The  two  piece  yoke  design  constrained  the  coil 
geometry.  To  install  the  coil,  its  width  could  be  no  wider 
than  the  space  between  adjacent  poles.  Reduction  of  the 
quadrupole  power  required  reducing  the  current  density  by 
increasing  the  coil  height.  This  resulted  in  a  rather  tall  and 
narrow  coil  cross  section  and  limited,  somewhat,  the  choice 
of  conductors  that  could  be  used  to  satisfy  power  supply 
and  power  distribution  constraints.  Moreover,  since  many 
of  the  old  PEP  magnets  with  aluminum  coils  are  used  in  the 
High  Energy  Ring  (HER),  a  further  requirement  for  the 
LER  magnet  coils  was  to  use  aluminum  conductor  so  that 
the  water-cooling  system  could  be  shared. 

The  arc  quadrupoles  connected  in  long  strings  have 
coils  with  15  turns  per  pole  wound  with  0.5  inch  hollow 
square  aluminum  conductor.  Other  quadrupoles  connected 
in  short  strings  have  58  turn  per  pole  coils  wound  with 
0.25-inch  hollow  square  conductor.  All  but  a  few  of  the 
58-tum  coils  are  made  using  aluminum  conductor.  The  few 
magnets  which  utilize  copper  conductor  are  located  in  the 
interaction  region  of  the  PEP-II  ring.  These  require  higher 
currents  and  take  advantage  of  the  local  water  system 
provided  in  that  area  for  other  copper  and  stainless  steel 
accelerator  components.  The  58-tum  coil  magnet  water 
cooling  circuits  are  arranged  in  a  variety  of  different 
configurations,  depending  on  the  power  dissipation  for  the 
particular  magnet  application.  Parameters  for  two  of  the 
coil  configurations  are  listed  below. 


58  Turn  per  pole  aluminum  coil: 

1  circuit 

Resistance 

279.2  mf2 

Maximum  Current 

46A 

Maximum  Gradient 

2.68  T/m 

Water  Flow  @  130  psi 

0.075gpm 

58  Turn  per  pole  aluminum  coil: 

4  circuits 

Resistance 

279.2  mQ 

Maximum  Current 

139  A 

Maximum  Gradient 

8.10  T/m 

Water  Flow  @  130  psi 

0.682  gpm 
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IV.  DIPOLE  DESIGN 

The  arc  dipoles  in  the  LER  are  connected  in  two  series 
power  supply  strings.  Thus,  they  share,  with  the  majority 
of  the  quadrupoles  connected  in  series  strings,  very 
stringent  magnet  to  magnet  reproducibility  requirements. 
Therefore,  the  manufacturing  plan,  developed  by  LBL  and 
IHEP,  includes  careful  shuffling  of  the  steel  and 
laminations  required  for  the  large  number  of  magnets  to 
ensure  the  distribution  of  any  variations  in  iron  magnetic 
properties  and  any  systematic  variation  in  laminations  due 
to  die  wear.  Detailed  design  of  the  PEP-II  LER  dipole, 
including  summary  of  two  and  three  dimensional 
magnetostatic  calculations,  electrical  parameters  and  water 
flow  and  cooling  calculations  are  included  in  reference  [4]. 

A.  Yoke  design 

An  "H-type”  geometry  (Fig.  3)  was  selected  for  the 
yoke  so  that  a  simple  pancake  coil  can  be  utilized.  The 
pole  width  was  selected  and  the  shape  of  the  rectangular 
bumps  at  the  edges  of  the  pole  was  optimized  in  order  to 
satisfy  the  field  quality  requirements  for  the  magnet  in  the 
central  two-dimensional  region  of  the  magnet.  The  pole 
edges  were  slightly  tapered  in  order  to  minimize  iron 
saturation  at  the  pole  root  when  operating  at  the  high  end  of 
the  required  excitation  range. 


Figure  3:  Dipole  Layout. 


Since  the  dipoles  are  relatively  short,  the  variation  of 
the  fringe  field  at  the  end  of  the  magnet  is  expected  to 
dominate  the  line-integral  field  uniformity.  Field 
distribution  studies  were  made  using  Amperes®  [5]  (a 
three-dimensional  magnetostatic  code  using  the  boundary 
element  method)  in  order  to  estimate  the  shape  of  the 
chamfer  (Fig.  4)  which  will  satisfy  the  field-integral 
uniformity  requirement  for  the  dipole. 


Figure  4:  Dipole  Chamfer. 


B.  Coil  design 

The  dipole  coil  has  thirty-four  turns  of  0.715  inch 
square  hollow  aluminum  conductor  in  order  to  satisfy 
power  supply  and  power  distribution  constraints.  The  34 
turns  are  enclosed  in  a  cross  section  sized  for  36 
conductors.  Two  turns  were  lost  due  to  ’’soft"  crossovers 
which  allowed  easy  transitions  between  coil  rows  and 
layers. 

34  Turn  per  pole  aluminum  coil  - 1  water  circuit 

Resistance  10.97  mQ 

Current  @3.1  GeV  563  A 

Field®  3.1  GeV  0.75 T 

Water  Flow  @130  psi  0.933  gpm 
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Abstract 

The  lattice  magnets  for  the  3rd  generation  synchrotron  light 
source  BESSY  II  under  construction  were  designed  and  stor¬ 
age  ring  dipole,  quadrupole  and  sextupole  preseries  magnets  are 
presently  manufactured  in  industry.  This  paper  reviews  the  de¬ 
sign  as  well  as  the  main  magnet  parameters  and  describes  the 
features  of  the  magnetic  elements  according  to  the  specific  con¬ 
strains  by  the  compact  lattice  structure. 

L  Introduction 

BESSY  II  presently  under  construction  at  Berlin,  Germany, 
is  a  240  m  circumference  1.9  GeV  low  emittance  high  bril- 
lance  3rd  generation  synchrotron  light  source  [1].  The  16  dou¬ 
ble  bend  achromat  structures  are  composed  out  of  two  dipole, 
four  quadrupole  and  3  sextupole  magnets.  A  quadrupole  triplet 
and  doublet  each  of  them  on  one  side  of  the  achromat  with  two 
sextupoles  in  the  zero  dispersion  regions  complete  the  structure, 
Fig.l.  As  experiments  require  full  operation  at  energies  rang¬ 
ing  from  0.9  to  1.9  GeV  il  magnet  yokes  are  made  from  0.5 
and  1.0  mm  thick  low  carbon  2%  Si  transformer  steel  to  ensure 
low  hysteresis  and  high  reproducibility  for  the  magnet  settings. 
The  lamination  thickness  selected  was  based  on  a  compromize 
of  meeting  the  tight  tolerances  for  the  stamped  lamination  of  typ¬ 
ically  0.015  mm  and  economic  considerations. 


DoubUI  Achromot  TripW 


Figure.  1.  BESSY  II  DBA-cell. 


All  laminations  will  be  shuffled  in  order  to  provide  high  repro¬ 
ducibility  and  identity  within  each  magnet  family.  This  implies 
flipping  the  lamination  to  compensate  the  barrel  effect  present  in 
all  laminations. 

IL  Storage  Ring  Magnet  Designs 

A.  Dipole  Magnet 

As  the  storage  ring  is  an  isomagnetic  lattice  32  C-shaped 
dipoles  with  parallel  poles  are  used.  Fig.  2  gives  a  view  of  the 
bending  magnet.  Though  the  bending  radius  is  p  =  4.355  m  the 
core  is  a  straight  box  type  with  parallel  ends  rather  than  a  curved 

^Funded  by  the  Bundesministerium  fiir  Bildung,  Wissenschaft,  Forschung  und 
Technologie  and  by  the  Land  Berlin. 


yoke  in  order  to  facilitate  meeting  the  mechanical  tolerances  of 
the  magnet.  The  additional  costs  of  iron  due  to  the  sagitta  of 
10.5  mm  were  considered  advantageous  for  a  straight  core  com¬ 
pared  to  smaller  pole  size  implying  a  much  stronger  influence  on 
mechanical  tolerances  of  shims.  To  achieve  a  magnetic  length 
of  855  mm  the  core  of  the  50  mm  gap  dipoles  was  set  to  a  me¬ 
chanical  length  of  810  mm  deduced  from  the  magnetic  data  of 
similar  magnets  [2].  The  content  of  higher  harmonics  in  the  in¬ 
tegrated  field  will  be  mainly  of  sextupole  type  when  a  chamfer  of 
45°  X  8  to  10  mm  in  length  is  applied.  An  integrated  sextupole 
component  of  m-L  <  -0,5  voT^  is  expected. 


Figure.  2.  View  of  the  storage  ring  dipole  magnet. 

The  yoke  will  be  made  from  0.5  mm  thick  laminations  which 
are  insulated  by  back-lack.  The  stack  is  compressed  by  stiff 
baked  endplates  and  plates  are  welded  to  the  other  sides  of  the 
core.  A  SURAHAMMA  DK-70  steel  grade  is  used  for  the  in¬ 
organic  insulated  laminations.  Coils  are  made  from  rectangular 
hollow  OFHC  conductors  of  21  x  12  mm^  in  size  giving  six  pan¬ 
cakes  of  84  windings  altogether.  To  minimize  coil  overhang,  to 
give  more  space  for  the  crotch  absorbers,  the  height  of  the  coil 
cross-section  is  significantly  larger  than  its  width.  Fig.  3  gives 
the  expected  excitation  curve  as  was  calculated  by  the  2D  code 
POISSON  [3].  To  correct  for  finit  length  of  the  bending  magnet 
the  increase  of  flux  density  in  the  iron  core  due  to  the  endfield 
was  taken  into  account,  resulting  in  a  much  steeper  saturation  at 
high  field  levels.  At  full  beam  energy  corresponding  to  a  field  of 
1.45  T,  saturation  is  expected  to  be  below  3%.  Table  1  gives  a 
list  of  magnetic  and  electric  parameters. 

B.  Storage  Ring  Quadrupoles 

There  are  144  quadrupole  lenses  grouped  into  nine  families. 
All  magnets  are  made  from  laminations  of  same  cross  section 
but  differ  in  core  length  L  (L=2(X),  250  and  500  mm).  The  poles 
and  shims  were  optimized  in  2D  approximation  using  the  codes 
[3],  [4].  For  achieving  gradients  of  up  to  16.5  T/m  the  poles  have 
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SR  Dipole  Magnet 

Rectangular  C  shaped  type 

Gap 

50  mm 

Field  range 

0.7  - 1.45  T 

Good  field  area 

60x35  mm^ 

Homogeneity  dB/B 

5-10-'' 

Current 

710  A 

Resistance 

16  mOhm 

Inductance 

38  mH 

Table  I 

Design  parameters  for  storage  ring  dipole  magnets. 


Figure.  3.  Calculation  of  the  storage  ring  excitation  curve.  The 
solid  dots  were  calculated  by  the  2D  POISSON  code.  Correction 
of  the  data  for  the  finit  length  results  in  saturation  starting  much 
earlier  (dashed  line).  At  design  field  of  1.45  T  saturation  of  less 
than  3%  is  expected. 

conical  shape  at  the  same  time  allowing  for  inserting  simple  and 
costefficient  race-track  coils. 

The  geometry  of  the  lamination  is  mainly  determined  by  the 
boundary  that  synchrotron  radiation  beamlines  are  penetrating 
the  return  yoke.  Thus  the  magnets  are  figure  of  eight  type  using 
variable  formed  spacers  at  the  mid  plane  in  order  to  allow  22  mm 
vertical  clearance.  To  retain  the  magnet  symmetry  the  spacers  are 
mirrow  symmetrical  as  they  are  made  from  soft  magnetic  steel. 
This  was  decided  to  be  advantageous  to  shield  the  magnet  center 
from  external  fields  and  shunt  the  iron  regions  to  compensate  the 
anisotropy  in  permeability. 

A  chamfer  of  45°  x  8.5  mm  is  considered  to  be  sufficient 
to  cancel  the  dominant  systematic  harmonics  in  the  focussing 
strength  (e.g.  N=6  and  N=10)  to  achieve  homogeneous  inte¬ 
grated  gradient  distribution  dGL/GL<0.002  within  a  radius  of 
30  mm.  Fig.4  gives  a  view  on  the  storage  ring  quadrupole,  the 
main  performance  data  are  listed  in  table  II.  2D  calculations, 
corrected  for  the  finit  length  of  the  lenses  were  performed,  show¬ 
ing  that  the  design  gradient  is  achieved  at  a  saturation  level  of 
0.7%  /  6.8%  /  11.8%  for  the  500/250/200/  mm  long  elements, 
Fig.  5. 

C.  Storage  ring  sextupole  magnets 

Seven  families  of  16  magnets  each  are  used  as  chromatic  and 
harmonic  sextupoles.  As  for  the  other  multipoles  the  yokes  are 


Figure.  4.  Storage  ring  quadrupole  magnet. 


SR  Quadrupole  Magnet 

Magnet  type 

Figure  of  eight 

Apertur  radius 
Core  length 
Gradient 

Good  field  radius 

Homogeneity 

Current 

Resistance 

Inductance 

35  mm 

500/250/200  mm 

16.5  T/m 
r=30  mm 

dGL/GL  <  2  •  10-3 
365  A 

34/19/16  mOhm 
38/19/10  mH 

Table  n 

Design  parameters  for  storage  ring  quadrupole  magnets. 


stacked  from  identical  laminations  to  two  different  types  differing 
in  length  (L  =  160  and  210  mm). 

A  sextupole  strength  of  600  T/w?  is  required  to  be  able  to 
combat  resistive  wall  instability  though  in  the  standard  optics  the 
strength  is  considerable  less.  Furthermore  the  magnets  will  be 
used  as  horizontal  and  alternatively  as  vertical  dipole  correctors. 
These  fields  are  generated  by  additional  coil  systems.  The  rea¬ 
son  for  the  integrated  function  is  the  lack  of  space  in  the  compact 
lattice  which  does  not  allow  installation  of  lumped  correctors. 
Fig.  6  gives  a  view  of  the  sextupole  which  is  build  up  from  3  seg¬ 
ments  to  retain  the  odd  symmetry  rather  than  beeing  of  C  shape 
type.  Massive  low  carbon  soft  magnetic  spacers  from  ARMCO 
iron  modelled  according  to  the  crossing  SR  beamlines  are  used. 
Thus  it  is  expected  to  minimize  irregular  harmonics  during  dipo¬ 
lar  correction  associated  with  significant  flux  density  changes 
in  the  core,  resulting  in  running  at  different  hysteresis  loops  for 
neighbouring  poles.  In  table  III  the  magnetic  and  electric  data 
are  listed. 

The  excitation  curve  of  the  sextupoles  was  calculated  in  2D 
approach  and  corrected  for  the  finit  element  length  by  taking  into 
account  that  the  actual  flux  density  in  the  core  will  be  about  1.65 
times  larger  than  in  the  pure  POISSON  calculation.  Correcting 
for  this  effect  results  in  a  saturation  curve  as  shown  in  fig.  7. 
Saturation  at  max.  sextupole  strength  is  expected  to  be  in  the 
order  of  5%,  still  tolerable. 
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Figure.  5.  Dependence  of  gradient  as  function  of  excitation 
current.  The  solid  line  represents  the  POISSON  2D  results.  The 
expected  excitation  curves  for  the  three  lenses  of  200/250/500 
mm  in  length  is  given  by  the  dashed  lines. 


Figure.  6.  View  of  the  storage  ring  combined  sextupole  and 
dipole  corrector. 
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SR  Sextupole  Magnet 

Aperture  radius 

38  mm 

Core  length 

160/210  mm 

Gradient 

600  T/m^ 

Good  field  radius 

r=30  mm 

Homogeneity 

dG’L/G’L  <  2  •  10-2 

Current 

250  A 

Resistance 

39/33  mOhm 

Inductance 

7/5  mH 

Corrector  strength 

2mrad 

Table  III 

Electric  and  magnetic  parameters  of  storage  ring  sextupole 
magnets. 


Figure.  7.  Calculated  excitation  curve  for  the  storage  ring  sex- 
tupoles.  The  solid  line  is  according  to  the  POISSON  2D  calcula¬ 
tion,  the  dashed  line  represents  the  expected  saturation  behaviour 
after  correction  for  the  finit  element  length. 
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Abstract 

All  major  magnets  of  the  Advanced  Photon  Source  (APS) 
have  now  been  measured  and  installed  in  the  facility.  This 
paper  describes  the  mechanical  design,  construction,  procure¬ 
ment  philosophy  and  methodology,  and  lessons  learned  from 
the  construction  and  procurement  of  more  than  1500  magnets 
for  the  APS  storage  ring,  injector  synchrotron  ring,  and 
positron  accumulator  ring, 

L  INTRODUCTION 

The  Advanced  Photon  Source  (APS)  is  located  in  the 
southwest  comer  of  the  Argonne  National  Laboratory  (ANL) 
approximately  35  miles  southwest  of  Chicago,  IL  USA. 
Ground  was  broken  for  the  79-acre  site  on  June  4, 1990.  APS, 
the  world’s  most  brilliant  x-ray  source,  is  scheduled  for  opera¬ 
tion  in  the  fall  of  1996.  A  plan  view  of  the  site  is  shown  in 
Fig.  1.  The  storage  ring  has  a  circumference  of  1104  m 
(3640  ft)  and  contains  1128  magnets  which  direct  and  focus 
7.0-GeV  positrons  in  their  vacuum  environment  of  10'^®  Torr. 
The  injector  synchrotron  contains  302  magnets,  and  the 
positron  accumulator  ring  (PAR),  which  produces  a  single  cir¬ 
culating  bunch  for  injection,  contains  36  magnets.  With  the 
addition  of  the  low  and  high  energy  transport  (LET  and  HET) 
lines,  the  total  number  of  magnets  is  1514  (excluding  the  linac 
system).  This  paper  will  discuss  the  methodology  used  to 
design,  construct,  and  procure  these  magnets. 


*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38, 

^Magnet  Group  Leader  during  the  course  of  this  work. 


IL  MAGNET  DESIGN  AND  CONSTRUCTION 
PROCEDURE 

The  task  of  fabricating  1514  APS  magnets  of  19  different 
types  was  accomplished  by  the  following  7-step  process: 

1.  Conceptual  Phase  -  Tide  1  Process 

2.  Prototype  Phase  -  Title  2  Process 

3.  Prototype  Phase 

4.  Construction  Phase 

5.  Tooling  Design  and  Fabrication 

6.  Travelers  and  Inspection  Forms 

7.  Final  Inspection/Shipment 

In  the  Conceptual  Phase,  the  physics  design  is  reduced  to  a 
conceptual  design  in  terms  of  magnet  mechanical  parameters, 
pole  profiles,  coil  packaging,  and  construction  materials.  The 
resulting  conceptual  design  is  then  reviewed  by  internal  and 
external  peer  reviews.  Only  after  acceptance  by  all  reviewers 
is  the  design  committed  to  Tide  2. 

In  the  Prototype  Phase  -  Tide  2  Process  prototype  draw¬ 
ings  are  prepared  using  computer-aided  design  (CAD)  tech¬ 
niques.  Eiese  drawings  are  again  reviewed  by  internal  and 
external  peer  reviews  including  the  originating  physics  design 
team.  After  passing  these  reviews,  the  design  is  committed  to 
prototype  construction. 

The  prototype  is  built  and  tested  in  the  Prototype  Phase. 
In  construction  of  the  prototype,  basic  traveler  documents  are 
created  oudining  construction  details  and  process  measure¬ 
ments  during  fabrication.  These  travelers,  which  each  magnet 
has  during  its  construction  and  operational  lifetimes,  also  use 
standard  QA/QC  methods.  Again,  the  prototype  and  its  perfor¬ 
mances  are  reviewed  internally  and  externally.  Only  after 
passing  these  requirements  are  final  construction  drawings  pre¬ 
pared. 

In  the  Construction  Phase,  specifications,  statements  of 
work,  and  work  packages  are  prepared  to  procure  steel,  copper, 
laminations,  parts,  and  complete  magnets  from  industry.  At 
this  point  a  strong  relationship  is  essential  between  engineering 
staff  and  procurement  specialists.  Basically,  four  processes 
were  used  to  fabricate  the  required  magnets. 

•  Procure  parts  from  industry  and  assemble  magnets  in- 
house  at  ANL  and  by  industry.  This  method  was  used  to 
fabricate  storage  ring  quadrupoles,  sextupoles,  and  correc¬ 
tor  magnets. 

•  Procure  parts  from  industry,  fabricate  some  in-house,  and 
assemble  magnets  at  ANL.  This  method  was  used  to  fab¬ 
ricate  synchrotron  dipole,  quadrupole,  sextupole,  and  cor¬ 
rector  magnets,  and  the  PAR  corrector  magnets. 

•  Procure  complete  magnets  from  industry  from  specifica¬ 
tions  supplied  by  APS  physics  personnel.  Several  magnet 
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types  were  purchased  complete:  storage  ring  dipoles  and 
correctors,  PAR  dipoles  and  PAR  quadrupoles,  LET 
dipoles  and  quadrupoles,  and  HET  dipoles  and  quadru¬ 
poles.  These  complete  magnets  were  manufactured  both 
in  the  U.S.  and  abroad. 

•  Pulsed  magnets,  not  considered  in  this  paper,  were  built 
completely  in-house  and  are  primarily  considered  proto¬ 
types. 

The  tooling  used  in  the  construction  phase  was  designed  by 
APS  and  used  to  fabricate  prototypes.  Only  then  is  it  “certi¬ 
fied”  for  construction  use  and  sent  to  vendors.  Travelers  and 
inspection  forms  are  created  jointly  by  engineering  and  QAJ 
QC  personnel.  When  the  magnet  is  completed,  tested  and 
inspected  again,  all  paper  work  is  reviewed  before  shipment  to 
the  APS  site  for  installation, 

III.  PRODUCTION  MAGNETS  AND  RESULTS 

Magnet  profiles  for  the  synchrotron  dipole,  quadrupole, 
sextupole,  and  corrector  magnets  are  shown  in  Fig.  2.  Mag¬ 
netic  measurements  have  been  reported  [1]  and  [2]  and  show 
that,  e.g.,  for  the  synchrotron  dipole,  the  integrated  field  shape 
is  flat  to  within  2.5  x  10"^  in  the  required  field  region.  Multiple 
coefficients  of  the  quadrupoles  and  sextupoles  satisfy  required 
field  specifications.  Magnet  profiles  for  the  storage  ring  are 
shown  in  Fig.  3.  Results  for  the  quadrupole  magnets  have  been 
published  [3]  and  [4]  and  meet  or  exceed  tolerance  require¬ 
ments.  Results  for  the  other  storage  ring  magnets  will  be 
reported  in  these  proceedings.  The  major  groups  of  magnets 
procured  solely  from  outside  vendors  are  the  storage  ring 
dipole  and  corrector  magnets  and  the  PAR  dipole  and  quadru¬ 
pole  magnets.  The  latter  two  are  shown  in  profile  in  Fig.  4. 
All  magnets  were  measured  in  the  APS  Magnet  Measurement 
Facility  [5]. 

IV.  PROCUREMENT  STRATEGY 

Three  predominant  strategies  surface  when  one  scrutinizes 
the  acquisition  process  for  the  large  number  of  magnets 
installed  in  the  APS.  The  strategies  which  were  strongly  sup¬ 
ported  by  APS  management  can  be  summarized  as  follows: 

1 .  Establish  and  maintain  throughout  the  course  of  the  pro¬ 
curement  cycle  a  strong  partnership  between  the  APS  pro¬ 
curement  specialist  and  the  magnet  design  engineer.  To 
this  end,  a  procurement  specialist  was  assigned  to  process 
all  of  the  major  and/or  critical  purchases  emanating  from 
the  Magnet  Group.  Front-end  involvement  in  tasks  such 
as  the  preparation  of  statements  of  work,  identification  of 
potential  bidders,  and  the  assessment  of  vendor  qualifica¬ 
tions  was  a  shared  responsibility.  Ownership  for  the  suc¬ 
cess  of  the  acquisition  process  further  enhanced  and 
strengthened  the  linkage  and  teamwork  between  procure¬ 
ment  and  engineering. 

2.  Maintain  direct  control  over  the  procurement  of  the  essen¬ 
tial  raw  materials  utilized  by  subcontractors  in  fabricating 
major  magnet  subassemblies  such  as  coils  and  cores.  The 
quality  of  the  magnet  steel,  the  copper  conductor  tubing 


Fig.  4  Fig.  3 


and  the  laminations  were  designated  at  the  outset  as  criti¬ 
cal  applications,  requiring  the  Laboratory’s  direct  control 
in  specifying,  purchasing,  and  inspecting.  These  items  for 
all  of  the  synchrotron  and  storage  ring  magnets  became 
Laboratory-furnished  material  for  subcontractors  con¬ 
tracted  to  fabricate  cores  and  coils. 

3.  Commit  to  providing  APS  resources,  specifically  technical 
expertise,  to  accelerate  learning  and  diminish  start-up  anx¬ 
ieties  for  vendors  fabricating  key  magnet  components. 
This  effort  consisted  of  two  basic  elements.  First  was  the 
supply  of  critical  tooling  and  prototype  units  developed  at 
the  Laboratory.  For  example.  Procurement  coordinated 
the  shipment  of  core  stacking  fixtures  utilized  in  prototype 
development,  for  use  by  the  vendor  in  setting  up  produc¬ 
tion.  Also,  sample  cores  fabricated  by  the  Laboratory 
were  sent  to  a  number  of  vendors  for  their  use  in  checking 
dimensional  requirements  as  well  as  form  and  fit.  Sec¬ 
ondly,  the  Laboratory  was  adamant  about  dispatching 
skilled,  senior-level  magnet  technicians  to  work  with  our 
vendors'  production  personnel  at  the  outset  of  the  contract 
term,  to  develop  the  assembly/fabricating  skills  learned  at 
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the  Laboratory  during  prototype  development.  This  train¬ 
ing  was  invaluable  in  assuring  a  successful  first-article 
review. 

V.  PROCUREMENT  METHODOLOGY 

The  typical  major  magnet  procurement  ($500,000  and 
above)  generally  followed  the  sequence  described  below.  The 
reasons  for  the  successful  completion  of  these  procurements 
are  (1)  the  clear-cut  contract  authority  and  responsibility 
assigned  to  the  procurement  specialist  and  magnet  engineer 
and  (2)  the  continuing  communications  between  the  engineer 
and  specialist  throughout  the  term  of  the  contract. 

The  sequence  of  events  from  planning  to  contract  close¬ 
out  were  as  follows: 

1.  Advance  Procurement  Plan — ^Laboratory  policy  dictates 
that  a  procurement  plan  be  written  which  addresses  the 
critical  issues  concerning  major  procurements.  Areas 
such  as  “make  or  buy”;  potential  sources  of  supply;  the 
need  for  dual  sourcing;  risks  associated  with  technical, 
cost,  and  delivery  factors;  schedule  and  budget  con¬ 
straints;  and  QA  matters  such  as  reliability  and  first-article 
requirements  were  all  discussed  and  documented.  The 
Plan  became  the  first  opportunity  to  bring  the  purchasing 
representative  together  with  the  engineer  and  acted  as  the 
first  building  block  in  cementing  a  strong  interdepartmen¬ 
tal  relationship. 

2.  Bid  List  Formation — Cooperation  was  enhanced  because 
of  the  dual  responsibility  for  formation  and  approval  of 
the  bidders  list.  Although  recognizing  magnet  engineer¬ 
ing’s  expertise  and  pre-eminence  in  this  area,  Procurement 
was  allowed  to  augment  the  bidders  listing  to  assure  com¬ 
pliance  with  socio-economic  requirements  mandated  by 
DOE.  An  important  point  to  make  is  that  a  significant 
number  of  prospective  bidders  were  known  entities  as  a 
result  of  pre-bid  vendor  visits  and  market  surveys. 

3.  Contract  Review — ^Prior  to  issuance  of  the  completed  con¬ 
tract,  an  internal  review  was  conducted  to  insure  that  the 
cognizant  engineer  was  knowledgeable  concerning  his/her 
duties  and  obligations.  Sometimes  if  the  value  and  com¬ 
plexity  of  the  contract  warranted  it,  the  vendor  was 
brought  into  the  picture  in  a  face-to-face  meeting  to  make 
certain  that  all  the  parties  understood  those  contracted 
obligations 

4.  Contract  Administration — It  was  clear  and  unequivocable 
that  Procurement  would  act  as  the  clearinghouse  and  focal 
point  for  data  dissemination  in  order  to  assure  contract 
compliance.  It  was  also  clear  that  direct  dialog  between 
the  magnet  engineer  and  the  vendor  concerning  technical 
matters  was  encouraged.  Having  already  formed  a  strong 
link  with  Procurement,  it  became  very  easy  for  the  engi¬ 
neer  to  recognize  when  a  problem  warranted  Procurement 
intervention  and  resolution. 

5.  Contract  Closeout — As  a  shared  responsibility  the  magnet 
engineer  and  procurement  specialist  assured  that  the  ven¬ 
dor  was  diligent  in  supplying  inspection  data  sheets,  that 
there  was  proper  disposition  of  rejected  items,  that  pay¬ 


ments  would  be  made  upon  receipt  of  goods  (signatures  of 
both  parties  required  on  all  invoices),  and  that  surplus 
Laboratory-furnished  material  and  all  loaned  tooling  was 
properly  returned. 

In  retrospect,  the  strategies  and  methodology  employed  to 
procure  magnets  for  the  APS  proved  to  be  quite  reliable  and 
served  to  bring  two  somewhat  divergent  groups  (procurement 
and  engineering)  together  as  a  team,  focused  solely  on  assuring 
the  successful  installation  of  the  APS. 

VL  CONCLUSION 

Due  to  the  efforts  of  many  people,  the  APS  facility  is  near¬ 
ing  completion.  All  major  magnets  have  been  fabricated, 
tested,  and  installed  in  the  facility.  Magnet  performance  has 
been  reported  in  the  literature,  and  facility  commissioning  is 
now  proceeding. 
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Abstract 

To  correct  field  and  alignment  errors,  provide  full  aperture  steer¬ 
ing  at  injection,  and  control  the  horizontal  orbit  in  the  straight 
section,  a  0.060  T-m  and  a  0.090  T-m  correctors  were  designed. 
The  two  magnets  were  chosen  to  have  identical  lamination  cross 
section  and  identical  coil  packages,  however  the  normal  low  field 
corrector  has  no  cooling  while  a  water  cooled  plate  is  incorpo¬ 
rated  to  the  high  field  one.  Diffusion  of  the  heat  through  the  cop¬ 
per  conductor,  insulations,  and  magnet  steel,  with  and  without 
plate  cooling,  was  analyzed,  and  temperatures  were  estimated. 
We  report  in  this  presentation  the  calculations  of  the  various 
magnet  parameters,  and  in  particular,  the  procedure  to  optimize 
the  temperature  of  the  steel  and  the  temperature  of  the  inner  cop¬ 
per  coil. 

I.  Design  requirements  and  constraints 

Tracking  studies  at  8.9  and  120  GeV/c  [1]  have  established 
that  correctors  with  rms  value  of  ±  35  fir  in  strength,  will  pro¬ 
vide  adequate  correction  at  all  energies.  With  a  strength  of  0.060 
T-m,  our  normal  corrector  will  provide  120  fir  of  steering  at  150 
GeV,  a  factor  of  3.4  standard  deviation  at  the  highest  energy. 
This  should  allow  for  correction  for  unexpected  field/alignment 
errors  and/or  future  orbit  control  requirements  at  high  field.  To 
reduce  unexpected  dipole  field  variations,  we  will  consider  shuf¬ 
fling  the  main  ring  dipoles  during  installation,  and  realigning  the 
quadrupoles  during  commissioning.  Stronger  correctors  around 
the  straight  sections  are  required  to  provide  position  and  angle 
control  around  the  electrostatic  septa  and  Lambertsons  during  in¬ 
jection  and  extraction.  To  minimize  corrector  strengths  at  these 
locations,  the  high  field  orbit  is  first  determined  by  quadrupole 
alignment.  Then  a  corrector  strength  of  only  0.090  T-m  will  pro¬ 
vide  180  fir  at  150  GeV/c  and  still  provides  a  safety  factor  of 
about  2  above  the  required  strength. 

In  addition  to  the  beam  requirements,  the  design  of  the  trim 
dipole  correctors  was  strongly  restricted  by  first,  the  available 
space,  and  second,  the  necessity  to  accomodate  existing  power 
supplies.  The  horizontal  trim  dipoles  are  to  be  located  upstream 
in  the  proton  direction  of  each  quadrupole,  occupying  a  space  of 
no  more  than  17  inches.  For  the  normal  trim  dipoles,  the  maxi¬ 
mum  current  allowed  is  10  amperes  with  a  duty  factor  of  0.7.  To 
provide  the  stronger  dipoles  for  injection  and  extraction  manipu¬ 
lations,  we  investigated  the  possibility  of  having  an  optional  wa¬ 
ter  cooled  plate  added  to  the  coil  to  be  able  to  reach  higher  cur¬ 
rents. 

These  specifications  and  constraints  were  used  as  a  basis  of  a 
top-down  optimization  procedure  that  is  described  below.  The 
allowed  currents,  given  the  desired  ampere  turns,  precluded  us 
from  using  copper  tubing,  but  rather  required  low  gauge  solid 

*  Operated  by  Universities  Research  Association  under  contract  with  the 
United  States  Department  of  Energy 


Figure  1.  Horizontal  magnet  corrector  cross-section.  The 
dashed  line  shows  an  eventual  way  to  increase  the  magnet  area 
for  better  heat  transfer. 


copper  wire.  We  therefore  concentrated  our  efforts  in  modeling 
and  evaluating  the  various  mechanisms  of  heat  transfer  within 
the  magnet  components  and  convection  at  the  outside  surface. 
The  main  challenge  in  this  optimization  was  to  minimize  the 
temperature  of  the  inner  copper  to  reduce  the  risk  of  insulation 
failure  and  the  temperature  of  the  steel  surface  for  personnel 
safety  consideration.  We  decided  to  limit  the  copper  temperature 
to  95^  C  (epoxy  rating).  We  also  plan  in  using  Dupont  Pyre-ML 
wire  coating  which  can  withstand  220^  C.  The  steel  temperature 
is  limited  to  50^  C.  Based  on  failure  data  of  past  dipole  correctors 
and  other  small  magnets,  we  do  not  believe  that  extra  cooling  is 
necessary  for  the  normal  corrector. 

We  assume  an  H  type  of  magnet,  with  pancake  coils  around 
the  poles.  The  magnet  aperture  to  accomodate  the  Main  Injector 
beam  pipe  is  2  inches  for  the  gap  and  5  inches  for  the  pole  width, 
and  these  define  the  pole  gap  and  pole  width  in  our  magnet.  The 
magnet  cross-section  is  shown  in  Figure  1 
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11.  Thermal  model 

The  heat  starting  from  the  copper  wire,  flows  through  the  wire 
coating,  the  epoxy  potting  and  GIO  around  the  coil,  the  steel 
core,  and  finally  is  dissipated  by  convection  in  the  ambiant  atmo¬ 
sphere  at  a  30^  C  temperature.  Each  one  of  this  processes  gen¬ 
erates  a  temperature  differential  that  will  be  estimated.  A  simple 
series  configuration  is  assumed,  and  alternate  paths  with  higher 
resistance  to  thermal  flow  have  been  neglected.  We  should  men¬ 
tion  that  a  more  elaborate  thermal  model  of  existing  Fermilab 
corrector  magnets  has  been  attempted.  In  this  circuit-like  model 
thermal  resistances  and  capacitances  (heat  capacities)  are  fitted 
to  measurements. [2] 

To  start  with,  we  may  assume  that  good  thermal  contact  be¬ 
tween  the  coil  and  the  steel  can  be  realized  only  at  the  bottom 
or  top  coil  surfaces.  Using  an  electrical  parallel  circuit  analogy, 
the  thermal  impedance  between  the  side  of  the  copper  coil  to  the 
steel  pole  is  much  larger  than  its  counterpart  at  the  top  or  bottom 
interface.  Alternatively,  we  also  consider  the  possibility  where 
good  thermal  contact  is  easier  to  accomplish  at  the  two  coil  sides. 
It  should  be  added  that  a  small  air  gap  will  add  a  significantly 
high  series  resistance  to  the  heat  flow.  Therefore,  we  plan  to  use 
thermal  grease  in  all  interfaces  with  the  coil,  as  well  as  maintain¬ 
ing  good  contact  pressure. 

The  conductor  coil  made  of  copper  wire  and  coating  around 
each  wire  is  modeled  as  a  distributed  heat  source  with  an  effec¬ 
tive  thermal  conductivity  that  depends  on  the  coating  conduc¬ 
tivity,  coating  thickness,  and  wire  gauge.  This  effective  ther¬ 
mal  conductivity  can  be  derived  by  considering  a  unidimensional 
heat  flow  through  a  layer  of  copper,  in  between  two  layers  of  in¬ 
sulation.  The  accumulated  temperature  gradient  is  then: 


.  ^  P  ,2t  g  . 

AT  =  —( - h  — ) 

^  A/ 


(1) 


where  ^  is  the  heat  flow  per  unit  area,  t  is  the  coating  thickness, 
and  g  is  the  wire  thickness  (gauge);  A*  and  Ac  are  the  respec¬ 
tive  conductivities.  Since  the  copper  conductivity  is  much  higher 
than  the  insulator  conductivity,  the  effective  conductivity  of  this 
medium  is : 


=  (2) 

More  detailed  calculations  for  the  case  of  cylindrical  wires  can 
be  found  in  [3]. 

We  assume  a  4  mil  thick  Dupont  Pyre-ML  wire  coating  which 
can  sustain  higher  temperature  (higher  glass  transition  at  which 
mechanical  properties  change  drastically).  For  this  material  the 
thermal  conductivity  is  about  0.16  watt/m. The  coil  will  be 
dipped  in  epoxy  to  reduce  air  pockets. 

The  assumption  of  only  one  coil-steel  contact  simplifies  the 
heat  transfer  within  the  copper  source  to  an  inhomogeneous  1- 
dimensional  Poisson  equation  that  can  be  solved  easily: 


dPT  _  p 

dx^  Ae 


(3) 


p  being  the  heat  production  rate  in  a  unit  volume  of  copper.  In  the 
case  of  top/bottom  contact,  the  temperature  difference  between 


the  hottest  point  (^  =  0),  on  one  side  of  the  coil,  and  the  op¬ 
posite  point  closest  to  the  steel  interface  at  a  distance  h  (the  coil 
height)  is: 


(4) 

In  the  alternate  case  of  side  coil-steel  contact,  the  temperature 
depends  on  w  (the  coil  width): 


AT=i(f)>  (5) 

Next,  the  heat  flow  through  the  epoxy  and  GIO,  described  by 
an  equation  similar  to  Equation  1,  assumes  a  thermal  conductiv¬ 
ity  of  0.65  watt/m.'^C.  The  respective  thicknesses  are  30  mils  and 
1/16  inch. 

Finally,  the  convection  at  the  steel  surface  is  described  by: 


ATrr 


P 
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A  is  the  external  magnet  area,  and  H  is  the  heat  transfer  coef¬ 
ficient  by  natural  convection.  Vendor  painted  aluminum  plates 
can  reach  about  14  watt/m^  .‘^C.  Our  magnet  will  be  painted,  and 
we  will  assume  this  optimum  value. 


III.  Optimization  of  the  copper  and  steel 

The  size  of  the  copper  cross-section,  and  the  length  of  the  steel 
core  are  dictated  by  the  necessity  to  simultaneously 

-  reduce  the  power  needed  to  energize  the  normal  corrector. 

-  minimize  the  temperature  of  the  hottest  spot  inside  the  cop¬ 
per, 

The  total  length  of  the  magnet,  coil  and  steel  being  restricted  to 
16  inches,  we  loose  steel  length  as  the  coil  package  increases  in 
width.  We  are  left  with  only  the  coil  width  w  and  coil  height  h 
as  free  parameters. 

For  a  given  magnet  strength,  the  power  and  the  inner  coil  tem¬ 
perature  scales  like: 


power  ' 


1 
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wh^  L  —  2w 


where  L  =  16  inches,  and 
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for  a  top/bottom  contact,  or 
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1 
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for  a  contact  from  both  sides.  These  relations  are  plotted  in 
Figure  2. 

Figure  2.  suggests  that  a  square  coil  of  size  2  inch  is  a  good 
compromise  that  does  not  overdesign  the  magnet  size.  This  is  the 
value  adopted  in  the  present  design.  The  backleg  and  yoke  are 
fixed  to  a  thickness  of  about  1  inch  to  have  enough  mechanical 
strength.  No  saturation  is  expected  given  the  low  value  of  the 
field  in  the  gap. 

The  magnet  core  as  well  as  the  copper  coil  are  sufficiently  de¬ 
fined  now  to  derive  other  parameters.  In  particular  the  amount 
of  heat  produced  when  the  magnet  is  powered  to  the  required 
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Figure  2.  Effect  of  coil  size  on  the  amount  of  heat  and  on  hot 
spot  temperature 


strength  and  duty  factor  allows  us  to  estimate  the  temperature  of 
the  different  components  using  the  above  model. 

The  steel  temperature  is  found  to  be  58^  C.  This  temperature 
will  be  decreased  by  increasing  the  magnet  area.  We  are  ex¬ 
ploring  two  possibilities.  The  first  one  is  to  have  wide  endplates 
while  the  second  one  is  to  have  a  wedge  on  the  top  and  bottom 
of  the  magnet.  The  latter  reduces  the  weight  of  the  magnet.  The 
former  may  create  a  bottleneck  for  the  heat  flow,  and  increase 
temperature  gradients.  In  any  case,  we  assume  that  the  temper¬ 
ature  of  the  steel  can  be  maintained  below  50^^  C. 

Next,  the  temperature  of  the  epoxy  at  the  copper  coil  interface 
is  evaluated.  The  epoxy  is  a  vulnerable  component.  If  the  con¬ 
tact  between  the  steel,  GIO,  and  epoxy  is  tight  (thermal  grease  is 
utilized),  then  this  interface  will  be  at  temperature  of  about  5T 
C.  An  air  gap  of  5  mils  with  the  same  heat  flow,  will  raise  this 
temperature  by  12^^  C. 

Last,  the  inner  coil  temperature  is  found  to  be  around  81^  C. 
This  is  below  the  limit  we  specified.  At  this  point  we  should  say 
that  some  gradients  are  short-circuited  if  we  put  a  water-cooled 
plate  against  the  bottom  or  top  of  the  epoxied  coil  winding.  For 
this  option,  with  a  higher  current  of  15  ampere  and  the  same  duty 
factor  we  reach  a  temperature  of  about  9  P  C.  This  is  to  be  com¬ 
pared  to  120^  C  with  no  plate  cooling. 


•  The  insulating  materials  are  limiting  components,  and  their 
thermal  conductance  and  temperature  resistance  should  be 
as  high  as  possible. 

♦  The  lamination  design  should  maximize  the  external  mag¬ 
net  surface. 

»  The  steel  should  preferably  be  painted  in  black. 

In  addition  to  the  thermal  calculations  we  are  in  the  process  of 
adding  bumps  in  the  poletip  to  maximize  field  uniformity.  This 
design  will  have  to  take  into  account  the  sextupole  captured  at 
the  ends  since  our  magnet  steel  is  rather  short,  12  inches. 
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IV.  Summary 

The  modeling  of  the  trim  dipole  has  been  dominated  by  the 
desire  to  minimize  the  temperature  of  sensitive  components.  It 
gave  us  the  following  directions  in  which  to  orient  the  engineer¬ 
ing  efforts: 

•  There  must  be  as  much  contact  as  possible  between  the  coil 
and  the  steel. 

•  The  winding  impregnation  should  get  rid  of  the  air  pockets 
to  maximize  the  effective  thermal  conductivity. 
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THE  MAIN  INJECTOR  CHROMATICITY  CORRECTION  SEXTUPOLE 
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Abstract 

The  Fermilab  Main  Injector  (FMI)  is  a  high  intensity  proton  syn¬ 
chrotron  which  will  be  used  to  accelerate  protons  and  antipro¬ 
tons  from  8.9  GeV  to  150  GeV.  The  natural  chromaticities  of 
the  machine  for  the  horizontal  and  the  vertical  planes  are  -33.6 
and  -33.9  respectively.  The  Ap/p  of  the  beam  at  injection  en¬ 
ergy  of  8.9  GeV  is  about  0.002.  The  chromaticity  requirements 
of  the  FMI  are  primarily  decided  by  the  Ap/p  =  0.002  of  the 
beam  at  injection.  This  limits  the  final  chromaticity  of  the  FMI 
to  be  ±5  units.  To  correct  the  chromaticity  in  the  FMI,  two  fam¬ 
ilies  of  sextupole  magnets  will  be  installed  in  the  lattice,  one 
for  each  plane.  A  sextupole  magnet  suitable  for  the  FMI  needs 
has  been  designed  [1]  and  are  being  built.  New  chromaticity 
compensation  schemes  have  been  worked  out  in  the  light  of  re¬ 
cently  proposed  faster  acceleration  ramps.  On  a  R/D  sextupole 
magnet,  the  low  current  measurements  have  been  carried  out  to 
determine  the  electrical  properties.  Also  with  a  Morgan  coil, 
measurements  have  been  performed  to  determine  the  higher  or¬ 
dered  multipole  components  up  to  18-poles.  An  overview  of 
these  results  are  presented  here. 

1.  CHROMATICITY  COMPENSATION 
SCHEMES  FOR  THE  FMI 

Previously  a  scheme  for  chromaticity  compensation  in  the 
FMI  had  been  worked  [2]  out  taking  into  account  the  effect 
of  beam  tube  eddy  current,  saturation,  and  end-pack  sextupole 
fields  generated  by  the  dipole  magnets.  The  data  were  taken 
from  measurements  on  R&D  dipole  magnets.  Since  then,  sev¬ 
eral  developments  have  taken  place: 

1.  The  measured  [3]  combined  contribution  of  the  saturation 
and  static  fields  in  the  dipoles  showed  a  slightly  negative 
sextupole  component  (i.e.,  62  =  — 0.05m^)  at  low  fields 
(which  is  in  contrast  with  the  earlier  scheme). 

2.  The  material  of  the  FMI  beam  tube  is  selected  to  be  316L 
stainless  steel  (resistivity  of  74  x  lO^Ohm  m)[4]. 

3.  A  faster  ramp  [4]  is  selected  to  reduce  the  emittance  dilu¬ 
tion  at  transition.  The  pt  at  transition  in  the  present  FMI 
operating  scheme  is  about  280  GeV/c-sec,  which  is  nearly 
a  factor  of  two  larger  than  the  previously  proposed  ramp. 

Hence,  a  new  chromaticity  compensation  scheme  has  been 
developed.  Here  we  essentially  adopt  the  method  outlined  in  the 
Ref.  2. 

The  Figs.  1  and  2  show  examples  of  operating  schemes  for 
the  FMI  for  two  different  values  of  p  at  transition.  The  selection 
of  Pt  =  280  GeV/c-sec  has  resulted  in  a  very  large  amount  of 

•operated  by  the  Universities  Research  Association,  under  contracts  with  the 
U.S.  Etepartment  of  Energy. 
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Figure  1.  FMI  Scheme  for  120  GeV  fast  ramp 


Figure  2.  FMI  scheme  for  150  GeV  slow  ramp 


eddy  current  contribution  to  the  sextupole  field  at  low  B  fields. 
For  instance,  the  contribution  to  the  sextupole  component,  that 
is  arising  from  the  eddy  current  reaches  a  maximum  value  of 
0.8  m?  for  the  ramps  with  pt  =  280GeV/c  —  sec.  For  the  ramp 
with  Pt  =  167/sec,  the  eddy  current  adds  only  about  0.5m^  of 
sextupole  strength.  This  suggested  that  with  enough  safety  mar¬ 
gin  we  might  need  a  bipolar  power  supply  for  focusing  family 
of  sextupoles.  For  the  de-focusing  family  however,  the  unipolar 
power  supply  should  be  sufficient. 

IL  ELECTRICAL  MODEL 

The  sextupole  magnet  is  a  three-terminal  device  with  two  coil 
terminals  and  one  magnet  case  ground.  The  electrical  character¬ 
istics  of  the  magnet  can  be  described  by  a  3x3  impedance  matrix 
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Figure  3.  Impedance  Matrix  Measurement 


Figure  4.  Z1 1  Magnitude  Plot 


at  non-saturation.  The  equations  for  this  three-terminal  device 
network  can  be  written  as 


vr 

Yii  yi2  yi3‘ 

vr 

h 

= 

y2i  y22  y23 

V2 

h 

y3i  y32  y33 

Va 

The  elements  in  the  matrix  are  frequency  dependent  variables. 
The  magnet  equivalent  circuit  can  be  determined  by  measuring 
the  impedance  matrix  as  shown  in  Fig.  3. 

Terminal  1  and  2  are  coil  bus  terminals  and  terminal  3  is  the 
case  ground.  Zll,  Z22,  Z12  and  Z22  measure  the  coil  bus 
impedance.  Total  bus  to  ground  capacitance  is  measured  by 
Z33,  Z13  and  Z31  measure  the  capacitance  between  terminal 
1  and  ground,  while  terminal  2  is  shorted  to  ground.  Similarly, 
Z23  and  Z32  measure  the  capacitance  between  terminal  2  and 
ground,  while  terminal  1  is  grounded.  The  Z13,  Z23  and  Z33 
are  capacitance  measurements  since  the  slope  of  the  measure¬ 
ments  data  is  -20  dB/dacade  in  Bode  plot. 

The  circuit  simulation  program  Spice  is  used  to  curve  fitted 
the  sextupole  magnet  electrical  model  into  its  impedance  matrix 
as  shown  in  Fig,4  for  Z1 1 . 

Figure  5  shows  the  sextupole  magnet  electrical  model.  T1 
represents  the  copper  loss  and  R2  is  for  the  core  loss.  LI  and  R3 
are  the  air  core  inductance  and  skin  depth  effects  respectively 


R3  R2 


we  have  included  this  non-linear  part  of  the  sextupole  field.  The 
sextupole  field  arising  from  the  eddy  current  and  the  remnant 
field  of  the  sextupole  magnet  counteract.  Hence,  the  focusing 
sextupole  magnet  power  supplies  need  not  go  much  negative. 

Authors  would  like  to  thank  the  MTF  personnel  for  their  help 
during  the  magnet  measurements. 


III.  MAGNET  MEASUREMENTS 


The  magnets  are  measured  at  the  Fermilab  Magnet  Test  fa¬ 
cility  (MTF)  using  a  rotating  Morgan  coil  with  the  database- 
controlled  MTF  software  [5].  The  coil  is  rotated  at  the  center  of 
the  magnet  at  a  constant  current.  Activating  different  coil  wind¬ 
ings  allows  the  measurements  of  the  sextupole  strength  and  the 
contributions  to  the  field  shape  from  other  harmonic  components 
up  to  18  poles.  In  these  measurements  we  have  measured  both 
normal  as  well  as  skew  components.  We  find  none  of  the  com¬ 
ponents  are  of  significant  importance  for  FMI  operation  scheme 
except  the  remnant  field.  A  remnant  field  of  ~0.3(Tm/m^) 
seen  for  the  magnet  that  is  ramped  up  to  350  Amp.  Using  the 
scheme  outlined  in  Ref.6  we  have  extracted  the  non-linear  part 
of  the  sextupole  field.  The  result  is  shown  in  Fig.  6.  In  our  chro- 
maticity  compensation  scheme  developed  for  FMI  in  section  I, 
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Figure  6.  Impedance  Matrix  Measurement 
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Abstract 

A  large  sample  of  the  2.54-meter  quadrupoles  for  lattice 
matching  in  the  Fermilab  Main  Injector  have  been  fabricated 
and  measured.  The  resulting  properties  are  reported  and  com¬ 
pared  to  the  accelerator  requirements. 

L  Magnet  requirements 

The  Fermilab  Main  Injector  is  a  new  proton  and  antiproton 
accelerator  currently  under  construction  at  Fermi  National  Ac¬ 
celerator  Laboratory.  It  will  replace  the  existing  Main  Ring 
in  all  functions.  While  many  of  the  quadrupoles  used  in  the 
Main  Injector  will  be  reused  from  the  Main  Ring,  the  lattice  re¬ 
quires  some  new  quadrupoles  of  the  same  design  but  different 
lengths  (2.54  m  and  2.96  m,  compared  to  2.13  m  for  the  Main 
Ring  quads)  to  run  on  the  same  busses.  The  performance  re¬ 
quirements  of  the  quadrupoles  have  been  studied  extensively  [1] 
[2]  [3].  The  two  significant  areas  of  magnetic  performance  are 
the  magnet-to-magnet  variation  in  the  integrated  magnetic  field 
(“strength”)  and  the  variation  of  the  strength  as  a  function  of 
transverse  position  (“shape”).  These  are  discussed  here  sepa¬ 
rately, 

A.  Strength 

We  define  the  strength  to  be  fdx)dz.  The  integral 

is  taken  at  the  center  of  the  aperture.  When  discussing  relative 
strengths  we  quote  fraction  differences  in  “units”  of  parts  in  10^. 

Based  on  experience,  we  expected  to  be  able  to  hold  the  vari¬ 
ation  in  strength  to  10  units  (10  x  10“^).  The  majority  of  our 
tracking  studies  have  used  the  more  generous  assumption  of  a 
root  mean  square  deviation  of  24  units  and  have  found  that  with 
that  distribution  we  only  need  to  select  which  magnet  is  placed 
on  which  bus  (focussing  or  defocussing). 

B.  Shape 

We  define  the  shape  to  be  the  variation  in  the  strength  as  a 
function  of  position.  We  characterize  the  field  by  its  harmonic 
decomposition.  The  normal  component  of  a  quadrupole's  field 
can  be  reconstructed  as 

By{x)  =  5i(6i  +  l(-)i  +  63(-)"  +  +  •••), 

To  To  ro 

where  Bi  is  the  quadrupole  strength,  are  the  normal  harmonic 
components.  We  quote  the  components  at  ro  =  25.4  mm  and  in 

*Work  supported  by  the  United  States  Department  of  Energy  under  contract 
No.  DE-AC02-76CH0300 


“units”  of  parts  in  10^.  Properly  centered,  the  dipole  component 
hi  is  zero. 

From  the  symmetry  of  the  magnet  design  we  expect  the  field 
to  have  significant  quadrupole,  octupole,  and  twelve-pole  com¬ 
ponents.  For  our  tracking  studies  we  have  assumed  distributions 
of  the  forbidden  components  that  are  consistent  with  the  mea¬ 
sured  spread  in  values.  While  these  values  are  larger  than  the 
measurement  errors  and  not  yet  understood,  they  have  no  sig¬ 
nificant  impact  on  the  beam  dynamics.  We  concentrate  here  on 
the  allowed  components. 

Given  the  known  octupole  component  in  the  existing  Main 
Ring  quadrupoles,  we  could  choose  the  octupole  of  the  new 
quads  to  meet  the  beam  dynamics  needs.  The  octupole  has  two 
demands  placed  upon  it.  One  need  is  that  the  dynamic  aperture 
be  large  enough  to  meet  the  accelerator  requirements.  The  beam 
should  not  fall  out  of  the  machine  on  its  own.  The  other  need  is 
that  the  beam  be  close  enough  to  the  edge  of  stability  so  that  the 
existing  trim  octupoles  can  bring  the  beam  to  the  point  of  slow 
extraction.  The  beam  should  fall  out  of  the  machine  given  a  lit¬ 
tle  push  in  the  right  direction.  Based  on  simulations,  an  average 
of  4  to  8  units  appears  to  satisfy  both  requirements.  Magnet-to- 
magnet  variations  are  not  significant  dynamically. 

The  twelve-pole  component  is  clearly  measurable,  but  not 
large  enough  to  pose  a  problem  for  the  dynamic  aperture  of  the 
accelerator.  Reasonable  variations  in  the  twelve-pole  are  not 
significant. 

IL  Measurement  systems 

The  equipment  and  software  used  in  measuring  the  magnets  is 
described  with  more  detail  in  other  papers  at  this  conference  and 
elsewhere  [4].  The  request  from  the  Main  Injector  project  is  that 
every  magnet  be  measured  and  that  in  production  the  strength 
and  shape  be  determined  by  at  least  two  independent  methods. 

To  date  only  a  rotating  coil  system,  using  a  Morgan  coil 
that  extends  through  the  length  of  the  magnet,  has  been  imple¬ 
mented.  The  probe  has  two  orthogonal  dipole  coils,  two  orthog¬ 
onal  quadrupole  coils,  and  one  each  sextupole,  octupole,  de- 
capole,  12-pole,  and  20-pole  coils.  One  quadrupole  coil  is  used 
to  measure  the  strength  of  the  magnet.  The  other  coils  measure 
the  harmonic  components  while  suppressing  the  signal  from  the 
quadrupole  field.  The  rotating  coil  measurements  are  performed 
at  multiple  currents  on  every  magnet. 

A  single  wire  stretched  wire  system  is  currently  being  com¬ 
missioned,  This  will  provide  the  redundant  strength  and  shape 
information  requested,  as  well  as  magnet  center  data. 


0-7803-3053-6/96/$5.00  ®1996  IEEE 


1337 


III.  Measurement  Data 


IQC  strength  at  3500  A 


A.  Strength 

We  have  averaged  the  strength  at  each  current.  Figure  1  shows 
the  deviation  of  the  average  strength  from  a  linear  excitation 
calculated  assuming  infinite  steel  permeability. 


IQC  mean  strength  vs  current 


Figure.  1 .  Deviation  of  average  quadrupole  strength  from  linear 
vs  current 

To  present  the  magnet-to-magnet  variation,  we  calculate  the 
fractional  deviation  of  individual  magnets  from  the  average. 
Figure  2  shows  the  strength  at  500  A  for  all  magnets  in  the  sam¬ 
ple,  relative  to  the  average  of  all  magnets  except  the  first  seven. 
Those  seven  magnets  are  significantly  different  from  the  later 
magnets  due  to  experimental  modifications  of  the  lamination. 
In  the  low  current  regime  the  strength  is  dominated  by  the  ge¬ 
ometry,  with  only  a  small  contribution  from  the  permeabilty  of 
the  steel.  Note  that  the  strengths  are  tightly  clustered,  indicating 
good  control  of  the  geometry.  All  magnets  fall  within  the  ex¬ 
pected  range.  Similarly,  even  as  the  steel  begins  to  saturate,  the 
spread  in  strength  is  small,  as  shown  in  Figure  3. 

IQC  strength  at  500  A 
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Figure.  2.  Relative  strength  of  quadrupoles  at  500  A 
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Figure.  3.  Relative  strength  of  quadrupoles  at  3500  A 


R.  Shape 

Figure  4  shows  the  average  octupole  64  as  a  function  of  cur¬ 
rent.  This  meets  both  the  need  for  stability  and  for  slow  extrac¬ 
tion.  The  octupole  strengths  are  histogrammed  in  Figure  5.  All 
magnets  fall  near  the  target  values,  and  the  average  is  certainly 
acceptable.  The  distribution  of  the  twelve-pole  con^onent  at 
1500  A  is  shown  in  Figure  6.  It  is  also  within  the  established 
limits. 


normal  octupole  vs  current 


IV.  Conclusions 

The  Fermilab  Main  Injector  project  is  well  into  production  of 
the  new  quadrupoles  for  the  ring.  By  the  end  of  March  1995 
30  2.54  m  quadrupoles,  out  of  32  required  for  the  ring,  had  been 
completed  and  measured.  Magnet  performance  is  within  the  ac¬ 
ceptable  range  established  through  tracking  studies.  Production 
had  just  begun  on  the  48  2.96  m  quadrupoles  that  are  required. 
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distribution  at  1500  A 


Figure.  5.  Distribution  of  octupole  strengths  at  1500  A 

bg  distribution  at  1500  A 


Figure.  6.  Distribution  of  12-pole  strengths  at  1500  A 
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Abstract 

A  large  sample  of  the  6-meter  dipoles  for  the  Fermilab  Main  In¬ 
jector  have  been  fabricated  and  measured.  The  resulting  proper¬ 
ties  are  reported  and  compared  to  the  accelerator  requirements. 

L  Magnet  requirements 

The  Fermilab  Main  Injector  is  a  new  proton  and  antiproton 
accelerator  currently  under  construction  at  Fermi  National  Ac¬ 
celerator  Laboratory  [1].  It  will  replace  the  existing  Main  Ring 
in  all  functions.  While  many  of  the  Main  Ring  quadrupoles  will 
be  reused  in  the  Main  Injector,  the  dipoles  are  a  new  design. 
The  performance  requirements  of  the  dipoles  have  been  stud¬ 
ied  extensively  [2].  The  two  significant  areas  of  magnetic  per¬ 
formance  are  the  magnet-to-magnet  variation  in  the  integrated 
magnetic  field  (“strength”)  and  the  variation  of  the  strength  as  a 
function  of  transverse  position  (“shape”).  We  discuss  these  top¬ 
ics  separately  here. 

A,  Strength 

We  define  the  strength  to  be  Bydz.  The  integral  is  taken 
at  the  center  of  the  aperture  and  follows  the  path  of  the  central 
orbit,  curving  with  the  magnet.  We  quote  relative  strengths  in 
“units”  of  parts  in  10"^. 

Based  on  experience,  we  expected  to  be  able  to  limit  the  vari¬ 
ation  in  strength  to  10  units  (10  x  10“^).  The  majority  of  our 
tracking  studies  have  used  the  more  generous  assumption  of  a 
root  mean  square  deviation  of  10  units  and  have  found  that  with 
that  distribution  no  selection  of  magnets  for  placement  in  the 
ring  is  necessary.  We  have  also  tried  a  broader  Gaussian  dis¬ 
tribution  with  (7=15  units  and  a  bimodal  distribution  with  two 
narrow  peaks  separated  by  30  units  [3].  In  the  former  case,  we 
can  expect  the  planned  trim  dipoles  to  correct  the  closed  orbit 
even  with  random  assignment  of  the  dipoles.  In  the  latter  case, 
a  simple  magnet  placement  plan  is  needed. 

B.  Shape 

We  define  the  shape  to  be  the  variation  in  the  strength  as  a 
function  of  transverse  position.  We  characterize  the  shape  by 
the  horizontal  variation  By{x)dz  of  the  field  integral  and 
by  the  harmonic  decomposition  of  the  integral.  We  can  link  the 
two  by  writing 

By{x)  =  So(l  +  62(-)'  +  M-)'  +  h^{-f  +  ■■■). 

ro  To  ro 

*Work  supported  by  the  United  States  Department  of  Energy  under  contract 
No.  DE-AC02-76CH03000 


where  By[x)  is  the  integral,  Bo  is  the  strength,  and  bn  are  the 
normal  harmonic  components.  We  quote  the  components  at 
To  =  25.4  mm  and  in  “units”  of  parts  in  10^. 

From  the  symmetry  of  the  magnet  design  we  expect  the  field 
to  be  both  left-right  and  up-down  symmetrical.  For  our  track¬ 
ing  studies  we  have  assumed  distributions  of  the  forbidden  com¬ 
ponents  that  are  consistent  with  the  measured  spread  in  values 
without  questioning  whether  these  values  are  real  or  primarily 
measurement  error,  either  random  or  systematic.  The  measured 
values  are  small.  We  concentrate  here  on  the  allowed  compo¬ 
nents. 

The  chromaticity  sextupole  system  [4]  is  designed  to  com¬ 
pensate  for  the  average  size  of  the  sextupole  component  of  the 
dipoles.  The  accelerator  is  not  very  sensitive  to  variations  in  the 
sextupole  around  the  ring.  The  decapole  component  is  clearly 
measurable,  but  not  large  enough  to  pose  a  problem  for  the  ac¬ 
celerator. 

IL  Measurement  systems 

The  equipment  and  software  used  in  measuring  the  magnets 
is  described  with  more  detail  in  other  papers  at  this  conference 
and  elsewhere  [5].  The  request  from  the  Main  Injector  project 
was  that  every  magnet  be  measured  and  that  in  production  the 
strength  and  shape  be  determined  by  at  least  two  independent 
methods.  A  third  strength  measurement  is  used  on  a  sample  of 
magnets  for  further  redundancy. 

The  flatcoil  system  uses  a  long,  narrow,  multi-turn  coil  that 
extends  through  the  length  of  the  magnet,  performing  the  in¬ 
tegral  over  z.  The  coil  form  is  rigid  and  curved  to  match  the 
central  orbit  of  a  particle  through  the  curved  magnet.  The  mag¬ 
net  strength,  exclusive  of  the  remanent  field,  is  determined  by 
measuring  the  change  in  flux  through  the  coil  as  the  magnet  is 
excited  with  the  probe  held  in  the  center  of  the  magnet.  The 
horizontal  variation  in  the  field  is  determined  by  measuring  the 
change  in  flux  as  the  probe  is  moved  laterally  with  the  current 
held  fixed.  A  polynomial  fit  to  the  shape  data  yields  coefficients 
proportional  to  the  normal  coefficients  of  a  harmonic  decompo¬ 
sition  of  the  magnetic  field.  The  flatcoil  measurements  are  per¬ 
formed  at  multiple  currents  on  every  magnet. 

The  rotating  coil  system  uses  a  tangential  coil  that  extends 
through  the  length  of  the  magnet.  The  G-10  coil  form  has  a 
small  enough  diameter  that  it  easily  conforms  to  the  curved  cen¬ 
tral  orbit  of  the  magnet  and  flexes  as  it  is  rotated  to  maintain  the 
curvature.  A  coil  wound  on  one  diameter  of  the  probe  provides 
a  measurement  of  the  absolute  strength  of  the  magnet.  The  tan¬ 
gential  coil,  bucked  against  the  equal-area  diameter  coil,  pro- 
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vides  flux  measurements  on  a  circle,  from  which  the  normal 
and  skew  harmonic  components  are  extracted.  The  rotating  coil 
measurements  are  performed  at  multiple  currents  on  every  mag¬ 
net. 

The  pointscan  system  uses  both  a  Hall  probe  and  an  NMR 
probe  to  scan  the  magnetic  field  along  the  magnet's  length  in 
25.4  mm  steps.  Numerically  integrating  the  field  measurements 
gives  the  magnet  strength.  These  time-consuming  pointscan 
measurements  are  performed  at  two  currents  on  a  sample  of 
magnets. 


we  are  seeing  a  magnetic  property  of  the  steel,  as  opposed  to  a 
geometrical  effect. 

Analyzing  the  composition  of  the  magnets,  we  determined 
that  the  strength  deviation  of  the  magnet  was  closely  correlated 
with  the  mix  of  laminations  in  the  magnet  stamped  from  dif¬ 
ferent  processing  runs  of  steel.  A  detailed  examination  of  the 
magnetic  data  on  the  sample  strips  from  steel  coils  shows  sta¬ 
tistically  significant  differences  among  the  runs  of  steel.  Two- 
dimensional  modeling  of  the  magnetic  field  using  the  different 
B-H  curves  reproduces  the  differing  magnet  excitation  curves. 


III.  Measurement  Data 


relative  dipole  strength,  1500  A 


A.  Strength 

For  each  measurement  system  we  have  averaged  the  strength 
at  each  current.  Figure  1  shows  the  deviation  of  the  average 
strength  from  a  linear  excitation  calculated  assuming  infinite 
steel  permeability. 

mean  6m  dipole  strength  vs  current 


Figure.  1.  Deviation  of  average  dipole  strength  from  linear  vs 
current 

To  present  the  magnet-to-magnet  variation,  we  calculate  the 
fractional  deviation  of  individual  magnets  from  the  average. 
Figure  2  shows  the  strength  at  1500  A  for  all  magnets  in  the  sam¬ 
ple,  relative  to  the  average  of  all  magnets  except  the  first  eight, 
whose  measurements  are  significantly  noisier  than  the  later  mea¬ 
surements.  At  this  current  the  strength  is  dominated  by  the  ge¬ 
ometry,  with  only  a  small  contribution  from  the  permeability  of 
the  steel.  Note  that  the  strengths  are  tightly  clustered,  indicat¬ 
ing  good  control  of  the  geometry.  All  magnets  fall  within  the 
expected  range. 

Figure  3  shows  the  strength  at  9500  A  (a  little  over  full  ex¬ 
citation)  for  all  magnets  in  the  sample  relative  to  the  average  of 
all  magnets  except  the  first  eight.  Note  that  the  local  average  of 
the  strengths  started  to  increase  about  half  way  into  this  group 
of  magnets.  Although  no  magnet  falls  outside  the  acceptable 
range,  it  is  important  to  understand  and  control  the  process  so 
that  the  variation  does  not  increase  further. 

The  nature  of  the  increase  can  be  better  appreciated  by  look¬ 
ing  at  the  relative  strength  as  a  function  of  current  for  a  limited 
number  of  magnets,  as  shown  in  Figure  4.  Here  we  see  that  the 
strength  deviation  depends  on  current,  a  strong  indication  that 
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Figure.  2.  Relative  strength  of  all  dipoles  at  1500  A 
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Figure.  3.  Relative  strength  of  all  dipoles  at  9500  A 


B,  Shape 

The  complementary  measurement  techniques,  fiatcoil  and 
harmonics,  give  consistent  results.  Figure  5  shows  the  average 
63  as  a  function  of  current.  This  is  consistent  with  calculations 
and  with  the  performance  of  the  prototype  dipoles,  upon  which 
the  chromaticity  sextupole  design  was  based. 

The  sextupole  components  at  9500  A  are  histogrammed  in 
Figure  6.  All  magnets  fall  well  within  the  expected  range  of 
values.  The  distribution  of  the  decapole  component  at  9500  A  is 
shown  in  Figure  7.  All  magnets  are  within  the  established  limits. 
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relative  strength  vs  current 


current,  kA 


Figure.  4.  Relative  strength  of  representative  dipoles  as  a  func¬ 
tion  of  current 


mean  bg  vs  current 


current,  kA 

Figure.  5.  Average  sextupole  component  vs  current 

IV.  Conclusions 

The  Fermilab  Main  Injector  project  is  well  into  production  of 
dipoles  for  the  ring.  By  the  end  of  March  1995  54  6-m  dipoles, 
out  of  216  required  for  the  ring,  had  been  completed  and  mea¬ 
sured.  Magnet  performance  is  within  the  acceptable  range  es¬ 
tablished  through  tracking  studies. 


b3,  units 


Figure.  6.  Distribution  of  sextupole  strengths  at  9500  A 


bg  distribution  at  9500  A 


bS,  units 


Figure.  7.  Distribution  of  decapole  strengths  at  9500  A 

[5]  J.W.  Sim  et  al.  Software  for  a  Database-Controlled  Mea¬ 
surement  System  at  the  Fermilab  Magnet  Test  Facility.  In 
Proceedings  this  conference,  1995. 
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ABSTRACT 

The  proposed  system  for  connecting  the  low 
conductivity  water  (LCW)  and  the  electrical  power  to  the 
magnets  is  explained.  This  system  requires  minimum 
maintenance.  Stainless  steel  headers  supply  LCW  to  local, 
secondary  manifolds  which  regulate  the  flow  to  the  dipole  and 
to  the  copper  bus  which  conduct  both  power  and  cooling  water 
to  the  quadrupole.  A  combination  of  ceramic  feedthroughs  and 
thermoplastic  hoses  insulate  the  piping  electrically  from  the 
copper  bus  system.  The  utilities  for  the  Main  Injector  are 
grouped  together  at  the  outside  wall  of  the  tunnel  leaving  most 
of  the  enclosure  space  for  servicing.  Space  above  the  headers 
is  available  for  future  accelerator  expansion.  The  new  dipoles 
have  bolted  electrical  connections  with  flexible  copper 
jumpers.  Separate  compression  fittings  are  used  for  the  water 
connections.  Each  dipole  magnet  has  two  water  circuits  in 
parallel  designed  to  minimize  thermal  stresses  and  the  number 
of  insulators.  Two  electrical  insulators  are  used  in  series 
because  this  design  has  been  shown  to  minimize  electrolyses 
problems  and  copper  ion  deposits  inside  the  insulators.  The 
design  value  of  the  temperature  gradient  of  the  LCW  is  8®C. 

1.  INTRODUCTION 

The  Fermilab  Main  Injector  (FMI)  is  a  new  150  GeV 
synchrotron  now  under  construction  at  the  Fermi  National 
Accelerator  Laboratory  .  ^  The  FMI  will  replace  the  existing 
Main  Ring.  New  conventional  dipole  magnets,  with  water 
cooled  conductors,  will  provide  the  primary  bending  for  this 
accelerator.  The  proposed  system  for  connecting  the  power 
and  the  water  to  the  FMI  is  similar  to  the  existing  Main  Ring. 
Where  possible,  the  power  bus  is  used  to  carry  both  power  and 
water  to  the  magnets. 

11.  LOW  CONDUCTIVITY  WATER  SYSTEM 

Figure  1  shows  the  FMI  and  the  8  GeV  Line  LCW 
System.  There  will  be  six  utility  buildings  uniformly  spaced 
around  the  FMI  ring.  These  are  labeled  ML  10,  ML20,  ML30, 
ML40,  MI-50,  ML60.  Each  utility  building  will  supply  power 
and  cooling  water  to  about  1,815  feet  of  circumference  in  the 
FMI.  The  closed  loop  system  will  receive  makeup  water  from 
the  Central  Utility  Building  (CUB). 

A  total  of  18  pumps  will  be  installed  around  the  ring 


*Operated  by  the  Universities  Research  Association,  Inc., 
under  contract  with  the  U.S.  Department  of  Energy 


with  3  pumps  per  service  building.  Each  pump  has  a  100  hp 
motor  and  delivers  550  GPM  of  LCW  with  a  pressure  head  of 
164  psi  (380  TDH).  Six  inch  stainless  steel  pipe  headers  will 
be  installed  above  the  magnets  along  the  10,891-  foot 
circumference  of  the  FMI.  Eight  inch  headers  will  be  used  to 
connect  the  pumps  from  the  service  buildings  to  the  manifolds 
in  the  accelerator  enclosure. 

All  components  are  connected  in  parallel  and,  with  the 
proper  hydraulic  resistance  across  each  secondary  manifold, 
the  local  water  distribution  will  be  balanced  between  service 
buildings.  The  centrifugal  pumps,  also  connected  in  parallel 
with  the  magnets,  will  share  the  flow  and  will  balance  the 
pressure  head  to  match  the  resistance  across  the  LCW 
manifolds.  A  similar  LCW  system  has  worked  well  in  the 
existing  Main  Ring  where  the  hydronics  have  been  operational 
for  twenty-three  (23)  years.^ 


At  the  pipe  penetrations  leading  to  the  enclosure,  valves 
will  be  installed  to  isolate  each  sector  of  the  ring.  At  each 
utility  entrance,  as  well  as  at  locations  half-way  in-between, 
the  enclosure  has  a  ceiling  that  is  one  foot  higher  than  the 
standard  tunnel.  The  purpose  of  this  extra  space  is  to  provide 
space  for  the  stainless  steel  expansion  joints.  At  these 
locations,  the  enlarged  enclosure  allows  the  pipes-to  cross  over 
the  cable  trays  without  obstructing  the  normal  tunnel  clearance 
for  the  magnet  moving  vehicle. 

One  heat  exchanger  per  service  building  is  required  to 
transfer  the  LCW  heat  load  to  the  pond  water.  The  normal  heat 
load  removal  capacity  per  building  will  be  about  2.7  MW. 
Approximately  8,000  GPM  of  LCW  will  be  required  to  cool 
the  magnets,  bus,  and  power  supplies  in  the  FMI  enclosure 
and  the  service  buildings.  The  centrifugal  pumps  are  capable 
of  delivering  approximately  9,900  GPM  at  the  designed  head 
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of  164  psi.  The  temperature  of  the  water  is  regulated  to  be 
95°F  by  a  3  way  control  valve  which  diverts  a  portion  of  the 
water  around  the  heat  exchanger  when  less  cooling  is  required. 
A  constant  flow  of  pond  water  is  circulated  in  the  tube  side  of 
the  heat  exchanger.  The  heat  in  the  pond  is  removed  by 
evaporation.  In  the  FMI  design,  the  size  of  the  ponds  is  the 
limiting  factor  in  cooling  the  electrical  components. 

In  each  service  building  around  the  ring,  portable, 
mixed-bed  deionizer  bottles  will  be  installed.  A  continuous 
polishing  flow  of  about  40  GPM  per  service  building  will  be 
required  to  maintain  low  conductivity  in  the  water.  The  bottles 
are  only  used  for  polishing  action.  Their  use  will  guarantee 
that  an  average  of  9MQ  -cm  resistivity  of  the  LCW  will  be 
maintained.  LCW  fills  will  be  done  from  the  CUB  via  the  8 
GeV  Line.  The  CUB  has  large  industrial  deionizer  columns 
that  meet  the  appropriate  EPA  guidelines  for  effluent 
discharge  systems.  The  portable  deionizer  bottles  will  be 
regenerated  in  the  CUB  using  its  existing  regeneration  system. 
In  service  building  MI-60,  a  3,000  gallon  combination  storage 
and  expansion  tank  is  now  being  installed  for  emergency 
LCW  make-up  for  the  FMI.  A  1,500  gallon  tank  will  be  in 
the  MI-8  service  building  as  additional  storage.  The  FMI  will 
require  an  estimated  37,000  gallons  of  LCW  to  fill  the  pipes, 
tanks,  bus,  and  magnets.  A  net  clockwise  flow  in  the  ring  will 
be  accomplished  with  restricting  orifices  at  each  of  the 
entrances.  In  addition  to  the  local  water  circulation  around 
each  service  building,  about  100  GPM  of  circular  flow  will 
allow  good  mixing  and  deionizer  processing  at  the  CUB. 

III.  ENCLOSURE  UTILITIES 

The  FMI  components  and  associated  utilities  are 
grouped  together  at  the  outside  wall  of  the  tunnel  leaving  most 
of  the  space  for  servicing,  as  shown  in  figure  2.  As  with  all 
accelerators,  radiation  damage  to  materials  and  exposure  time 
to  personnel  is  of  great  concern.  Plans  for  servicing  the 
accelerator  must  be  taken  into  account  so  that  maintenance 
time  in  any  radiation  environment  is  kept  to  a  minimum.  The 
general  practice  will  be  to  replace  a  component  rather  than  to 
repair  it  in  place.  All  connections  to  the  magnets  are  designed 
to  be  accessible  from  the  inner  space  of  the  enclosure.  Space 
above  the  headers  is  available  for  future  accelerator  expansion. 
The  utilities  are  wall  mounted  with  brackets  bolted  on  channel 
inserts  embedded  in  the  enclosure  wall  at  pre-determined 
regular  intervals. 

Figure  3  shows  a  schematic  representation  of  the 
cooling  for  a  typical  hydraulic  cell  in  the  FMI.  A  group  of 
magnets,  consisting  of  two  dipoles,  one  quadrupole,  and  a 
sextupole,  is  cooled  in  parallel  from  a  2  inch  water  manifold. 
This  manifold  can  be  isolated  from  the  main  6  inch  header 
water  pressure  with  one  1-1/2  inch  ball  valve  and  two  check 
valves  to  prevent  back-flow.  The  secondary  manifold  permits 
access  to  the  magnet  connections  and  minimizes  the  number 
of  required  electrical  insulators.  The  smaller  manifolds  are 
electrically  insulated  from  ground.  With  a  second  insulator  at 
the  magnets,  each  LCW  connection  to  the  bus  has  two 
insulators  in  series.  In  the  existing  Main  Ring,  this  design  has 


reduced  the  copper  ion  deposits  inside  the  insulators.  One  inch 
thermoplastic  hose  will  be  used  for  the  insulators  farthest 
away  from  the  beam  line.  The  flexibility  of  a  hose  is  required 
where  the  thermal  expansion  of  the  main  headers  can  be  up  to 
3.5  inches  after  a  shutdown.  Ceramic  insulators  will  be  used 
at  the  magnets  where  radiation  is  more  severe  and  where 
restrictions  are  required  to  regulate  the  water  flow. 
Approximately  two  years  ago  thermoplastic  hoses  were 
installed  in  the  Main  Ring  for  testing  the  strength  integrity  in  a 
radiation  environment.  So  far,  no  signs  of  deterioration  have 
been  detected  for  about  fifty  (50)  operational  hoses.  The 
water  pressure  differential  around  the  FMI  ring  is  about  120 
psi.  The  hydraulic  cell  is  designed  to  give  the  correct  flow  to 
allow  an  average  temperature  rise  of  8®C  across  each 
individual  magnet. 


New,  rectangular  copper  bus  (r‘x4")  will  be  used  for 
connecting  the  dipoles  in  the  enclosure  around  the 
quadrupoles.  The  bus  will  be  supported  from  the  wall  with 
insulating  structural  fiberglass  material.  The  support  will  have 
adjustments  for  alignment  with  the  magnets.  The  flexible 
jumpers,  with  bolted  connections  allow  for  thermal  expansion 
of  the  coils  and  the  bus.  Pipe  bus  (  4  square  inches  in  cross 
section)  will  be  used  at  the  entrances  going  to  the  power 
supplies  in  the  service  buildings.  The  quadrupoles  will  have  a 
pipe  bus  (  2  square  inches  in  cross  section  )  with  2-1/8  inch 
outside  diameter.  This  size  will  allow  the  use  of  standard 
channel  supports  will  be  used  for  all  round  bus. 
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Figure  3.  Typical  FMI  Ring  Hydraulic  Cell  Flow  Schematic 
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Figure  4  shows  a  prototype  hydraulic  cell  installation  in 
the  normal  enclosure  next  to  the  MI-60  area 


Figure  4.  Prototype  Q601  Hydraulic  Cell  Installation 
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DESIGN  OF  THE  FERMILAB  MAIN  INJECTOR  LAMBERTSON 


D.  E.  Johnson  ,  R.  Baiod,  DJ.  Harding,  RS.  Martin,  M.  May 
Fermi  National  Accelerator  Laboratory^ 

RO,  Box  500 
Batavia,  Illinois  60510 


Abstract 

A  common  design  has  been  adopted  for  a  high  field  (LIT)  Lam- 
bertson  magnet  for  use  in  the  four  injection/extraction  channels 
of  the  Main  Injector  (MI)  as  well  as  the  Tevatron  injection  chan¬ 
nel  [  1  ].  To  support  the  extraction/injection  of  1 50  GeV/c  protons 
and  pbars,  the  field  within  the  “field  region”  of  the  Lambertson 
should  reach  1.1  Tesla  with  less  than  0.3%  variation  in  a  2  by  12 
inch  good  field  aperture.  Utilization  for  the  8.9  GeV/c  pbars  and 
resonant  extraction  of  120  GeV/c  protons  place  stringent  aper¬ 
ture  requirements  on  the  magnet  design.  In  addition,  this  mag¬ 
net  must  simultaneously  support  circulating  beam  in  the  energy 
range  of  8.9  GeV/c  to  900  GeV/c,  through  its  “field  free”  region. 
At  maximum  excitation,  the  leakage  field  in  this  region  must  be 
kept  to  a  minimum  to  avoid  any  deleterious  effects  on  the  cir¬ 
culating  beam.  The  magnet  design  parameters  which  meet  the 
aperture,  magnetic,  and  structural  requirements  as  well  as  the 
selection  criteria  of  the  steel  are  discussed. 

L  MAGNET  REQUIREMENTS 

The  extraction  channels  in  the  Main  Injector  utilize  three 
vertically  bending  Lambertsons,  with  an  integrated  strength  of 
9  T-m  ,  and  a  vertically  bending  c-magnet  with  an  integrated 
strength  of  3.5  T-m  to  clear  the  downstream  MI  magnets.  Four 
vertically  bending  Lambertsons,  with  an  integrated  strength  of 
12.1  T-m  are  required  for  injection  into  the  Tevatron.  Assuming 
a  1.1  T  field  for  a  symmetric  Lambertson,  imposed  by  tolerable 
leakage  field,  the  magnetic  length  of  the  Lambetrson  was  set  at 
2.8  meters.  This,  in  conjunction  with  the  available  free  space  in 
the  MI  lattice,  set  the  flange  to  flange  length  at  3.054  m. 

The  trajectory  of  8.9  GeV/c  pbars  from  the  Antiproton  Source 
through  the  de-energized  set  of  Tevatron  Lambertsons  and  into 
the  MI  define  both  the  gap  width  (pole-to-pole  dimension)  and 
the  minimum  physical  height  of  the  gap  (pole  tip  width),  A 
minimum  of  20%  of  the  aperture  is  reserved  for  steering.  The 
field  free  region  must  support  circulating  beam  so  the  aperture 
defined  by  the  height,  width,  and  opening  angle  of  this  region 
should  not  be  the  limiting  aperture.  The  maximum  septa  thick¬ 
ness  is  governed  by  the  separation  of  the  injected/extracted  beam 
from  the  circulating  beam.  This  separation  is  a  function  of  the 
kicker  or  electrostatic  septa  strength.  The  physical  aperture  re¬ 
quirements  for  usage  in  both  the  MI  and  the  Tevatron  are  listed 
in  Table  1. 

The  good  field  height  in  the  bend  region,  as  listed  in  Ta¬ 
ble  2,  is  determined  by  the  maximum  excursions  of  the  extracted 
beam  through  the  Lambertsons  in  both  the  MI  extraction  and  the 
Tevatron  injection  channels.  The  field  uniformity  in  this  region 

^Operated  by  the  Universities  Research  Association  under  contract  with  the 
U.  S.  Department  of  Energy 


should  not  contribute  more  than  1%  to  the  emittance  growth  of 
the  extracted  beam. 


Table  I 

Aperture  Specifications 


MI 

Tevatron 

Gap  width 

2 

2 

inches 

Gap  height 

±5 

±7 

inches 

Field  free  region  height 

>2 

»3 

inches 

Field  free  region  width 

3.5 

3.5 

inches 

Opening  angle 

>90 

>90 

degrees 

Septum  Thickness 

.157 

.157 

inches 

Straightness  (both  planes) 

10 

10 

mils 

Besides  the  magnitude  of  the  field  and  field  quality  in  the 
bending  region,  the  body  leakage  field  into  the  field  free  re¬ 
gion  and  the  end  field  contributions,  which  impact  the  circulat¬ 
ing  beam,  are  specified.  The  specifications  listed  here  set  limits 
for  the  sum  of  the  body  and  end  field.  Without  any  compen¬ 
sation,  the  end  field  contribution  can  be  an  order  of  magnitude 
larger  than  that  due  to  the  body  leakage  field.  With  careful  at¬ 
tention,  this  can  be  reduced  to  the  same  order  of  magnitude  as 
the  leakage  field.  The  current  end  field  compensation  scheme  is 
discussed  in  a  companion  paper.  [2] 


Table  II 

Magnetic  Specifications 


MI 

Tevatron 

Nominal  field 

1.072 

1.072 

Tesla 

Good  field  height 

±4.6 

±6 

inches 

Field  Uniformity 

<0.28 

<0.28 

percent 

Leakage  Field 

<  0.038 

<  0.019 

T-m 

Leakage  Gradient 

<  .78 

<.336 

Tesla-m/m 

Due  to  the  symmetry  of  the  magnet,  the  predominant  body 
leakage  fields  to  contend  with  are  the  dipole,  and  skew  quad. 
The  magnitude  of  the  allowed  dipole  field  is  specified  to  produce 
less  than  a  2  mm  closed  orbit  distortion  without  downstream  or¬ 
bit  compensation.  From  this  the  total  allowed  dipole  field  in  the 
field  free  region  is  estimated  and  the  results  are  listed  in  Table  2. 

To  set  the  upper  limits  on  the  skew  quad  field  allowed  in 
the  field  free  region,  the  magnitude  of  the  allowed  tune  shift 
(assuming  a  fully  coupled  ring)  for  the  circulating  beam  in 
the  field  free  region  at  maximum  excitation  has  been  speci¬ 
fied  to  be  less  than  0.005  units.  This  criteria  corresponds  to 
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f  dB^jdxdl  <  A.'K^viPp)!^  in  units  of  Tesla-m/m,  again  as  a 
sum  of  the  contributions  from  the  body  leakage  field  and  the  end 
field. 

The  project  requires  16  Lambertsons  plus  spares,  so  a  com¬ 
mon  design  will  reduce  design  effort,  fabrication  costs,  and  the 
quantity  of  required  spares.  Therefore,  the  design  is  based  upon 
the  requirements  for  usage  in  the  Tevatron  which  automatically 
satisfies  the  Main  Injector  specifications. 

II.  PHYSICAL  DESIGN 

The  requirement  for  a  large  aperture  (both  planes)  in  the  bend¬ 
ing  region,  led  to  the  design  of  a  Lambertson  absent  of  an  inter¬ 
nal  beam  pipe.  This  is  accomplished  by  using  two  sets  of  sym¬ 
metric  laminations,  one  set  for  the  inner  cores  and  one  for  the 
outer  cores,  as  shown  in  Figure  1 .  The  inner  cores  are  assembled 
with  a  precision  ground  matched  set  of  stainless  steel  space  bars 
near  each  coil  to  define  the  gap  width.  The  left/right  symmetry 
of  the  inner  cores  assure  an  assembly  which  meets  the  straight¬ 
ness  criteria  in  bend  plane.  This  assembly  is  “skinned”  with  a 
30  mil  Type  321  stainless  steel  vacuum  skin  and  terminated  at 
each  end  by  a  single  vacuum  end  plate.  All  vacuum  welds  are 
external.  A  set  of  8  distributed  30  liter/sec  ion  pumps  (4  on  each 
side)  are  utilized  to  maintain  a  vacuum  of  «  5  x  10“^  torr  for 
use  in  the  Tevatron. 

The  coil  is  a  24-tum  split  saddle  coil  with  the  saddle  extend¬ 
ing  laterally  beyond  the  inner  core  to  allow  for  the  inner  core 
end  assembly  to  extend  beyond  the  coil  with  out  interference. 
The  conductor  dimensions  and  number  of  turns  are  determined 
by  the  desire  to  utilize  an  existing  200  Volt/2500  Amp  power 
supply  while  maintaining  adequate  copper  volume  and  cooling. 

The  coil  and  inner  core  assembly  are  captured  by  a  pair  of 
symmetrical  outer  cores  designed  to  provide  straightness  in  the 
non-bend  plane.  The  assembly  is  held  together  by  a  set  of  tie 
plates  which  produce  stiff  boxed  beam  structure. 

Construction  of  previous  Lambertsons  at  FNAL  have  required 
laborious  straightening  techniques  of  welding  stripes  on  the 
outer  core  to  meet  the  straightness  criteria.  This  design  devi¬ 
ates  from  the  construction  of  previous  Lambertsons  at  FNAL  in 
that  it  is  designed  to  meet  the  straightness  criteria  without  the 
previously  required  straightening  techniques. 

III.  MAGNETIC  DESIGN 

A  2D  magnetic  model  was  constructed  to  allow  adjustment 
of  basic  geometrical  parameters  such  as  the  septum  thickness, 
septum  radius,  septum  angle,  and  geometries  of  the  field  free 
region,  inner  core,  outer  core,  gap  height  and  width,  pole  face 
contour,  and  tiebars  to  aid  in  magnet  design  choices.  The  model 
additionally  included  the  stainless  steel  skin  around  the  inner 
cores  and  air  gaps  around  the  skin  and  tiebars.  These  parame¬ 
ters  were  adjusted  to  optimize  the  field  uniformity  in  the  gap, 
minimize  the  leakage  field  in  the  field  free  region,  and  trim  the 
back  leg. 

A.  Field  Region  Design 

The  uniformity  in  the  central  region  of  the  gap  is  governed 
predominately  by  the  location  of  the  field  free  region.  Its  sym¬ 
metric  location  provides  excellent  uniformity  in  this  central  re- 


Figure  1.  Cross  section  of  Lambertson  core  showing  inner  and 
outer  cores,  tiebars,  and  coil  configuration. 

gion.  The  height  of  the  “good  field”  region,  defined  by  the  uni¬ 
formity  specification,  is  governed  by  the  coil  and  stainless  steel 
spacer  bar  geometry  and  the  shape  of  the  pole  tip  near  the  coil. 
>^^thout  any  pole  tip  shaping,  the  good  field  region  extended  to 
±5  inches,  about  a  gap  width  less  than  the  physical  height.  Ad¬ 
justing  the  width  of  the  stainless  spacer  bar  (i.e.  its  penetration 
into  the  iron  of  the  inner  cores)  and  adding  a  ±50  mil  thick  by 
200  mil  long  pole  tip  shim  increased  the  height  of  the  good  field 
region  to  ±6  inches,  meeting  the  specification,  as  seen  in  the 
lower  plot  of  Figure  2.  However,  the  field  falls  off  rapidly  and 
increasing  the  the  pole  tip  height  from  7  to  8  inches  linearly  in¬ 
creases  the  height  of  the  good  field  from  6  to  7  inches  as  shown 
in  the  upper  plot  of  Figure  2. 


Figure  2.  Calculated  field  uniformity  in  the  bend  region  after 
shimming  and  extending  the  field  region. 
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B.  Field  Free  Region  Design 

The  leakage  field  from  the  iron  into  the  field  free  region  is 
governed  by  the  continuity  condition  that  H(parallel)  must  be 
continous  across  the  iron/air  interface.  From  this  boundry  con¬ 
dition,  the  flux  density  (in  Gauss)in  the  field  free  region  will 
just  be  fioHgteei^  To  maintain  control  over  the  leakage  field,  a 
steel  with  a  high  permeability  at  the  expected  values  of  H  in  the 
iron  near  the  cavity  should  be  chosen.  The  choice  of  steel  is 
discussed  in  the  next  section. 

The  selection  of  septum  thickness,  septum  radius  and  open¬ 
ing  angle  are  not  only  based  upon  the  aperture  requirements  dis¬ 
cussed  earlier,  but  were  selected  to  minimize  the  saturation  in 
the  iron  near  the  septa,  the  magnitude  of  skew  quad  in  the  cav¬ 
ity,  and  the  magnitude  of  the  leakage  flux  density,  respectively. 

Figure  3  shows  the  magnitude  of  the  field,  in  Gauss,  on  axis 
in  the  field  free  region  as  predicted  by  OPERA-2D.  The  small 
skew  quad  component  is  realized  by  a  combination  of  reducing 
the  opening  angle  from  the  90  degree  specificaion  to  78  degrees 
and  increasing  the  septum  radius  to  0.2  inches  maintaining  the 
vertical  aperture  near  the  notch.  The  magnitude  of  the  field  in 
the  gap  is  1.1  Tesla. 


Figure  3.  Leakage  Field  in  the  field  free  region  at  a  bend  field 
of  LIT. 

C.  Steel  Selection 

The  selection  of  steel  is  not  only  governed  by  technical  speci¬ 
fications  but  by  more  realistic  issues  like  market  availability  and 
cost.  For  example,  cobolt/vanadium  alloys  such  as  supermen- 
dure  offer  a  high  permeability  at  the  lower  excitations,  which 
would  offer  better  shielding  around  the  cavity  or  decrease  the 
integrated  magnet  length.  They  are,  however,  cost  prohibitive  at 
^  $30/lb.  as  compared  to  f5:i$0.50/lb  for  Si  and  low  carbon  steel. 
Therefore,  we  limited  our  selection  of  steel  for  the  Lambertson 
magnet  to  either  a  silicon  electrical  steel  or  a  low  carbon  steel. 
Figure  2  shows  the  measured  hysteresis  curves  for  24  guage  Ep¬ 
stein  strip  samples  of  a  fully  processed  low  carbon  (0.006  %) 
steel  and  a  M-47  grade  Si  steel.  This  shows  the  Si  steel  clearly 
having  a  higher  permeability  and  a  lower  coercive  force  than  the 
low  carbon  steel  in  the  sheared  condition  (dashed  line).  Shearing 
and  lamination  punching  increase  stress  within  the  steel  which 
lowers  its  permeability.  Both  sets  of  samples  were  stress  relief 


annealed  at  750  degrees  C  for  two  hours.  The  permeability  of 
both  samples  is  shown  as  the  solid  lines.  A  more  pronounced 
improvement  from  stress  relief  annealing  is  seen  in  the  low  car¬ 
bon  steel.  For  this  project,  the  low  carbon  steel  had  acceptable 
parameters. 


Figure  4.  Hysteresis  curves  of  low  carbon  and  Si  steel  showing 
the  improvement  to  each  due  to  stress  relief  annealing. 

D.  End  Design 

A  30”  prototype  Lambertson  has  been  constructed  to  aid 
in  the  design  of  the  magnet  end  configuration.  The  ratio  of 
magnetic  length  to  physical  (flange-flange)  length  must  remain 
«92%  due  to  space  constraints  in  the  Main  Injector.  The  geom¬ 
etry  of  the  prototype  includes  a  2  by  13  inch  gap  without  any 
shimming.  The  field  free  region  geometry  used  is  listed  in  Ta¬ 
ble  1. 
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Abstract 

Among  the  technical  difficulties  encountered  in  designing  an 
iron  septum  magnet,  controlling  the  field  quality  at  the  longi¬ 
tudinal  extremities  of  the  field-free  region  is  one  of  the  most 
challenging.  Without  proper  termination,  flux  jumping  between 
the  edge  of  the  field-free  region  and  the  opposite  pole  piece  re¬ 
sults  in  a  strong  dipole  kick  and  undesirable  levels  of  higher 
order  harmonics.  The  deleterious  effects  of  the  fringe  field  can 
be  mitigated  by  reducing  and  channeling  the  leakage  flux.  We 
present  3D  calculations  and  measurements  performed  on  vari¬ 
ous  end  configurations  for  the  Fermilab  Main  Injector  iron  sep¬ 
tum  magnets  R&D  program. 

INTRODUCTION 

In  principle,  an  iron  septum  magnet,  commonly  referred  to  as 
a  “Lambertson”  is  a  simple  device:  a  specially  shaped  hole  is 
carved  into  one  of  the  two  pole  pieces  of  a  conventional  dipole. 
Because  of  the  high  permeability  of  the  iron,  the  flux  circu¬ 
lates  around  the  hole,  establishing  a  so-called  field-free  region 
where  the  beam  can  drift  freely.  When  a  pulsed  kicker  is  fired 
downstream  of  the  septum  magnet,  the  beam  moves  from  the 
field-free  region  into  the  bending  region  where  it  is  deflected 
and  subsequently  extracted  into  a  beamline.  The  exact  shape 
of  the  field-free  region  depends  on  many  factors.  For  high- 
energy  beams,  the  septum  thickness  is  determined  by  the  avail¬ 
able  kicker  strength  and  is  typically  on  the  order  of  a  few  mm. 
The  induction  in  the  bending  region  is  limited  to  1.1 -1.2  T  since 
above  that  level,  the  septum  region  quickly  saturates  and  the  flux 
begins  to  penetrate  into  the  field  free-region.  Using  standard  2- 
D  codes,  it  has  become  a  relatively  straightforward  matter  to 
design  the  cross  section  of  an  iron  septum  magnet.  The  field 
magnitude  in  the  body  of  the  magnet  can  easily  be  kept  below  a 
few  Gauss;  as  a  result,  the  bulk  of  the  deleterious  effect  on  the 
beam  is  due  to  the  fiinging  flux  at  the  longitudinal  extremities 
of  the  magnet. 

The  end  region  must  be  analyzed  as  a  fully  three-dimensional 
problem;  furthermore,  saturation  effects  cannot  always  be  ne¬ 
glected.  Only  five  years  ago,  a  typical  run  of  a  3D  finite-element 
code  was  limited  to  approximately  20000  nodes.  The  availabil¬ 
ity  of  faster  processors  and  perhaps  more  importantly,  of  large 
amounts  of  physical  memory  has  resulted  in  an  order  of  magni¬ 
tude  increase  in  that  number.  Runs  involving  in  excess  of  10® 
nodes  are  now  considered  routine.  Although  10®  is  a  large  num¬ 
ber,  one  must  keep  in  mind  that  linear  resolution  scales  like  the 
cube  root  of  AT.  As  a  result,  the  mesh  must  be  judiciously  graded 
in  order  to  obtain  reliable  results;  this  is  an  iterative  process 
which  tends  to  be  time-consuming.  Although  3D  calculations 
are  very  useful  for  the  magnet  designer,  they  must  be  validated 
with  measurements. 

STRAIGHT  END 

As  a  starting  point,  it  is  instructive  to  understand  and  quantify 
what  happens  when  no  special  precautions  are  taken  to  control 

*  operated  by  the  Universities  Research  Association,  Inc.,  under  contract  with 
the  U.S.  Department  of  Energy. 


the  flinging  flux.  Consider  the  simple  straight  termination  il¬ 
lustrated  schematically  in  Figure  1.  A  plot  of  the  vertical  field 
along  a  line  located  2.5  cm  above  the  septum  is  shown  in  Fig¬ 
ure  2.  Note  the  sign  inversion  near  the  edge  (z  =  0),  which 
is  caused  by  the  fact  that  some  flux  lines  terminate  inside  the 
field-free  region.  Figure  2  and  all  the  other  results  in  this  pa¬ 
per  were  obtained  for  a  prototype  of  the  magnet  described  in 
reference  [1].  Bie  coil  is  a  symmetric  saddle,  the  bending  re¬ 
gion  is  approximately  2  in  x  14  in,  and  the  bending  field  at  full 
excitation  is  approximately  1.2  T  (corresponding  to  12  x  2000 
A-tum/pole).  The  septum  is  approximately  5  mm  thick.  The 
agreement  between  measurement  and  calculation  is  excellent, 
despite  the  fact  that  the  geometry  was  modeled  rather  crudely. 
For  each  extremity,  the  net  dipole  kick  experienced  by  a  particle 
traveling  2.5  cm  above  the  septum  would  be  0.032  T-m.  For  the 
sake  of  comparison,  at  the  same  excitation,  the  field  within  the 
body  of  of  the  magnet  is  on  the  order  of  8  Gauss.  For  a  3  m 
magnet,  this  represents  a  total  body  contribution  of  0.0024  T-m, 
more  than  an  order  of  magnitude  smaller. 


R 

Figure  1.  Longitudinal  and  transverse  views  of  an  iron  septum 
magnet.  The  coils  have  been  omitted  to  simplify  the  diagram. 
The  circulating  beam  is  shielded  except  in  the  end  region  where 
it  traverses  the  fringe  field.  Some  flux  lines  terminate  inside 
the  field  free  region,  causing  an  inversion  of  the  transverse  field 
along  the  path  of  the  beam. 


EXTENDED  END 

To  reduce  the  transverse  field  integral,  the  most  obvious  strat¬ 
egy  consists  in  extending  the  pole  containing  the  field-free  re¬ 
gion  with  respect  to  the  other  one.  This  method  is  effective,  but 
only  to  a  point.  The  relevant  scaling  here  is  the  gap  to  reduce 
the  integral  by  a  factor  n,  the  recess  distance  E  (as  shown  in 
Fig.  1)  must  be  on  the  order  of  (n  —  l)g.  Extraction  regions  are 
often  quite  busy  from  a  lattice  point  of  view;  as  a  result  space  is 
tightly  constrained,  and  it  is  not  possible  to  increase  the  overall 
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SIMPLE  STRAIGHT  END 


Z[cm] 


Figure  2.  Field  of  a  simple  straight  end,  along  a  line  2.5  cm 
above  the  septum  wall.  The  agreement  between  measurement 
and  3D  calculation  is  excellent. 


EXTENDED  FIELD-FREE  REGION 


Figure  3.  Fringe  field  of  magnets  with  extended  end  region, 
along  a  line  2.5  cm  above  the  septum  wall.  The  dots  corresponds 
to  a  measurement  performed  with  R  =  7.62  cm 

length  of  the  magnet  much  beyond  what  is  required  to  provide 
sufficient  deflection  to  extract  the  beam.  Unequal  pole  lengths 
also  degrade  the  field  quality  in  the  bending  region;  although 
not  as  critical,  this  degradation  eventually  becomes  significant. 
A  plot  of  the  field  for  three  different  distances  between  the  up¬ 
per  and  lower  cores  is  presented  in  Figure  3.  As  expected,  the 
field  integral  scales  inversely  with  with  the  average  fringe  path 
length  R  +  g. 


the  end  of  the  field-free  region  and  the  plate,  the  flux  has  a  trans¬ 
verse  component,  but  the  integrated  effect  cancels  out  due  to 
symmetry.  This  explains  why  such  a  plate  is  sometimes  referred 
to  as  a  “mirror  plate”.  Figure  5  is  a  plot  of  the  measured  and 
calculated  field  for  the  configuration  illustrated  in  Figure  4.  At 
low  excitation,  the  plate  has  high  permeability  and  the  fringe 
field  is  completely  quenched.  At  maximum  excitation,  the  plate 
saturates  considerably;  the  result  is  a  drop  in  magnetic  potential 
along  the  plate  surface,  hence  the  re-appearance  of  a  long  slowly 
decaying  tail.  To  improve  the  situation,  one  needs  to  reduce  the 
magnitude  of  the  induction  in  the  plate  either  by  increasing  the 
distance  between  the  plate  and  the  edge  of  the  field-free  region 
or  by  increasing  the  thickness  of  the  plate.  An  important  obser¬ 
vation  is  that  the  magnetic  potential  drop  in  the  plate  is  seriously 
affected  by  the  width  of  the  bending  region  aperture  sides.  This 
is  illustrated  in  Figure  6  and  7.  Note  the  dramatic  increase  in  the 
field  integral  when  this  width  is  reduced  to  2.5  cm. 

CONCLUSION 

We  have  demonstrated  that  3D  calculations  of  the  fringe  field 
at  the  extremities  of  an  iron  septum  magnet  are  reliable.  Such 
calculations  have  made  it  possible  to  understand  and  quantify 
the  importance  of  saturation  effects  in  a  mirror  plate. 
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MIRROR  PLATE 

To  minimize  the  overall  length  of  the  magnet  while  keeping 
the  fringing  field  integral  under  control,  one  possible  approach 
is  to  channel  the  leakage  flux  through  a  steel  plate  as  illustrated 
in  Figure  4.  Instead  of  jumping  to  the  opposite  pole,  the  flux 
now  travels  longitudinally  into  the  plate,  is  channelled  around 
the  field- free  hole  and  returns  into  the  opposite  pole.  Provided 
there  is  not  too  much  saturation,  the  plate  surface  is  approxi¬ 
mately  at  constant  magnetic  potential  and  there  should  be  no 
field  beyond  the  outer  edge  of  the  plate.  In  the  region  between 
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Figure  4.  Mirror  plate  configuration.  The  field  free-region  has  Figure  6.  Mirror  plate  configuration.  The  geometry  is  the  s^e 
been  extended  7.62  cm  longitudinally.  The  plate  is  2.54  cm  thick  as  in  Figure  4,  but  the  plate  width  has  been  reduced.  The  sides 
and  separated  by  1 .27  cm  from  the  edge  of  the  field-free  region,  of  the  bending  region  aperture  are  2.54  cm  wide. 


EXTENDED  FIELD  FREE  REGION  +  MIRROR  PLATE  EXTENDED  FIELD-FREE  REGION  +  MIRROR  PLATE 


Zlcml  Z[cm] 

Figure  5.  Calculated  and  measured  fields  for  the  configuration  Figure  7.  Calculated  field  for  the  configuration  shown  in  Figure 
shown  in  Figure  4.  The  plot  labeled  “constant  permeability”  6.  The  plot  labeled  “constant  permeability”  corresponds  to  I  = 
corresponds  to  /  =  300  A.  The  field  are  plotted  along  a  line  300  A.  Note  the  increase  in  the  size  of  the  tail  compared  with 
located  2.54  cm  above  the  septum  wall.  Figure  5. 
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DESIGN  AND  B-FIELD  MEASUREMENTS  OF  A  LAMBERTSON  INJECTION 
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Two  Lambertson-type  injection  magnets  have  been 
designed,  constructed  and  tested  magnetically.  One  magnet 
is  the  mirror  image  of  the  other  and  each  will  serve  as  an 
injector  in  the  rings  of  the  Relativistic  Heavy  Ion  Collider 
(RHIC)  accelerators  under  construction  at  Brookhaven 
National  Laboratory  (BNL).  To  obtain  the  required  field 
quality  in  the  injected  beam  region  and  low  stray  fields  in 
the  circulating  beam  region  of  the  magnet,  an  optimization 
study  was  performed  using  computer  codes  to  provide 
solutions  for  a  two  and  three  dimensional  model  of  the 
magnet.  The  calculations  are  compared  to  the  magnetic  field 
measurements  taken  in  the  injected  and  circulating  beam 
regions  mentioned  above.  Field  inhomogeneities  in  the 
injected  beam  region  were  less  than  bKlO'"^  for  either 
measured  or  calculated  B-fields.  The  magnetic-field  strength 
in  the  circulating  beam  region  was  less  than  0.1  Gauss 
(measured  or  calculated).  A  description  of  the  mechanical 
design  of  the  magnet  as  well  as  a  detailed  comparison  of 
the  measured  magnetic  fields  to  those  calculated  using  the 
two  and  three  dimensional  computer  codes  is  presented 
here. 


1.  INTRODUCTION 

The  Lambertson  injection  magnet  which  will  be 
described  in  this  paper  is  the  last  magnetic  element  of  the 
beam  transfer  line  between  the  Alternating  Gradient 
Synchrotron  (AGS)  and  RHIC  accelerators  at  BNL.  Two 
such  magnets  have  been  constructed,  each  of  which  will 
inject  into  the  counter  circulating  beam-rings  of  the  RHIC 
machine.  Since  each  magnet  is  the  mirror  image  of  the 
other,  we  will  only  describe  the  magnet  which  injects  into 
the  counterclockwise  circulating  beam-ring  of  RHIC. 

11.  GEOMETRY  and  DESIGN 
PARAMETERS 

The  relative  location  of  the  magnet  with  respect  to 
the  straight  section  of  the  RHIC  ring  is  shown  in  Fig.  la 
(top  view),  lb  (side  view),  and  Ic  (view  looking  upstream). 


Fig.  la  shows  the  injected  beam  at  the  entrance  of  the 
magnet  which  will  bend  by  ~38  mrad  and  will  then 
continue  at  the  exit  of  the  magnet  on  the  same  vertical 
plane  as  the  RHIC  circulating  beam. 


Figure  lb. 


VIEW  B-B 
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Figure  Ic. 


*Work  performed  under  the  auspices  of  the  U.S.  Department 
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A  cross  section  of  the  magnet  by  a  vertical  plane 
containing  the  symmetry  axis  (AA)  of  the  magnet  is  shown 
in  Fig.  lb.  In  this  figure,  the  central  ray  of  the  injected 
beam  makes  an  angle  of  -3  mrad  with  the  central  ray  of  the 
RHIC  circulating  beam.  Beam  size  considerations  at  the 
entrance  and  exit  of  the  magnet  for  both  the  injected  and 
circulating  beams  dictated  that  the  surface  of  the  bottom 
pole  of  the  magnet  make  an  angle  of  -2,57  mrad  with  the 
central  ray  of  the  circulating  beam,  and  -2.24  mrad  with  the 
axis  of  the  circulating  beam  pipe.  This  geometry  helps 
minimize  the  septum  thickness  of  the  magnet,  which  is  10.8 
mm  as  seen  in  Fig.  Ic. 

Fig.  Ic,  a  view  of  the  magnet  looking  upstream 
shows  the  injected  and  circulating  tube  sizes,  wall 
thickness,  and  their  relative  locations.  There  is  a  -0.89  mm 
air  space  between  the  circulating  beam  tube  and  the  magnet 
iron.  The  locations  of  the  beam  at  the  upstream  (U/S)  and 
downstream  (D/S)  ends  of  the  magnet  is  also  shown. 

The  design  parameters  of  the  magnet,  which  appear 
below  and  in  Figs,  la  through  Ic  were  determined  from 
optimization  calculations,  taking  into  account  the  geometry 
of  the  injection  region  the  magnetic  properties  of  the 
magnet  steel  and  permalloy-80  pipe,  and  the  maximum  field 
at  the  beam  injection  gap,  which  in  turn  was  determined  by 
the  field  requirements  in  the  injection  and  circulating  beam 
regions. 

Magnet  design  parameters 

1.  Length  =  4  m 

2.  Bend  angle  =  38  mrad  @  B,p=100  T.m 

3.  Magnet  gap  =  26.1  mm 

4.  Inner  diam.  of  circulating  beam  tube  =  67  mm 
Wall  thickness  =  1.3  mm 

III.  MECHANICAL  DESIGN 

Details  of  the  mechanical  design  of  the  magnet  as 
well  as  the  magnetic  properties  of  the  steel  and  the  high 
permeability  of  the  circulating  beam  tube  appear  in  Ref.  1. 

IV.  MAGNETIC  FIELDS  (CALCULATIONS 
and  MEASUREMENTS) 

The  magnetic  field  calculations  were  performed 
using  the  computer  code  OPERA  of  VECTOR  FIELDS  Inc. 
(Ref.  2)  and  were  separated  into  two  parts:  first  in  the 
calculations  of  the  fields  well  inside  the  magnet  where  the 
2-D  version  of  the  code  was  used,  and  second,  the 
calculations  of  the  fields  at  the  entrance  and  exit  of  the 
magnet  where  the  3-D  version  of  the  code  was  used. 

A)  Two  Dimensional  Calculations. 

The  2-D  calculations  were  performed  in  order  to 
determine  the  minimum  septum  thickness  (minimum 
distance  of  the  RHIC  beam  pipe  from  the  lower  magnetic 


pole  of  the  magnet)  and  the  maximum  radius  of  the 
circulating  beam  pipe,  which  will  keep  stray  fields  in  the 
circulated  beam  region  at  values  of  less  than  1  Gauss,  and 
field  uniformity  in  the  injected  beam  region  of 
AB/B^bxlO"*.  One  of  the  cross  sections  of  the  magnet 
where  2-D  calculations  were  performed  is  shown  in  Fig.  2 
and  corresponds  to  the  middle  of  the  magnet. 


Because  of  the  -3  mrad  vertical  slope  of  the  magnet  axis 
with  respect  to  the  horizontal  plane  (Fig.  lb),  the  septum 
thickness  along  the  magnet  varies  and  is  at  a  minimum  at 
the  exit  of  the  magnet.  For  this  reason  we  performed  the 
2-D  calculations  on  a  cross-section  at  the  exit  of  the  magnet 
and  subsequently  verified  that  the  optimum  2-D  solution  at 
the  exit  of  the  magnet  also  satisfies  the  B-field  requirements 
mentioned  above  at  any  other  cross-section  of  the  magnet. 
The  permeability  of  the  magnet’s  iron  and  that  of  the 
permalloy- 80  tube  used  in  the  calculations  were  equivalent 
to  Cl 006  steel,  and  to  p-metal  respectively. 

The  results  of  an  optimized  solution  for  a  cross 
section  at  the  middle  of  the  magnet  and  at  an  excitation 
current  corresponding  to  a  38  mrad  bend  of  a  100  Tm  rigid 
beam  are  as  follows:  In  the  injected  beam  region  the 
calculated  field  uniformity  is  AB/B^bxlO'"*  and  is  computed 
over  the  area  covered  by  95%  of  the  injected  beam.  The 
measured  field  uniformity  is  AB/B=(5.0±0.5)xl0  '^. 

The  measurements  of  the  field  uniformity  in  the 
injected  beam  region,  were  performed  with  a  30”  long 
rotating  coil  of  radius=l  cm.  The  axis  of  the  measuring  coil 
was  parallel  to  the  center  axis  (AA)  (Fig.  la)  and  at  -1.2 
cm  above  the  bottom  surface  of  the  magnet’s  gap  and  the 
coil  was  inserted  well  inside  the  magnet  gap  and  away  from 
the  fringe  field  region.  The  measurements  were  performed 
at  three  locations  inside  the  magnet  with  the  axis  of  the 
coil  placed  (-1,  0  and  +1  cm)  away  from  the  (AA) 
symmetry  axis  of  the  magnet. 

The  measurements  of  the  B  field  (for  the  same 
excitation  current  as  above)  in  the  circulating  beam  region 
were  made  by  placing  the  30”  long  coil  well  inside  the 
circulating  beam  tube  with  its  axis  parallel  to,  and  1.8  cm 
above,  the  circulating  beam  tube  axis.  The  measured  field 
value  was  (0.04  ±0.01)  Gauss.  The  corresponding  calculated 
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value  of  the  B-field  was  0.055  Gauss. 

In  order  to  demonstrate  the  effect  of  the  high 
permeability  material  of  the  circulating  beam  tube,  the  2-D 
calculations  above  were  repeated  on  the  same  cross  section 
(at  the  middle  of  the  magnet),  except  this  time  the 
circulating  beam  tube  was  made  of  the  same  material  as  the 
magnet  and  the  air  space  between  the  tube  and  the  magnet 
was  filled  with  the  same  material  as  the  magnet.  The 
results  of  the  calculated  B  field  at  the  same  location  inside 
the  circulating  beam  tube  as  above  was  7.5  Gauss,  which  is 
two  orders  of  magnitude  higher  as  compared  to  the 
corresponding  field  of  0.055  Gauss  when  the  permalloy-80 
tube  is  in  place. 

B)  Three  Dimensional  Calculations 

The  3-D  calculations  were  necessary  to  help  us 
design  the  entrance  and  exit  regions  of  the  magnet  in  order 
to  minimize  the  fringe  fields  in  the  circulating  beam  tube  at 
the  entrance  and  exit  of  the  magnet.  An  isometric  schematic 
plot  of  the  entrance  and  exit  regions  of  the  magnet  with  the 
magnet  coil  and  the  field  clamps  is  shown  in  Fig.  3. 


The  lower  pole  piece  of  the  magnet  was  extended 
by  7  cm  at  the  entrance  and  4  cm  at  the  exit  beyond  the 
edge  of  the  top  pole  piece  of  the  magnet  (Fig.  3)  to  reduce 
the  fringe  field  at  the  circulating  beam  region.  The  field 
clamps  also  shown  in  Fig.  3  were  placed  at  the  entrance  and 
exit  of  the  magnet  to  further  reduce  the  fringe  field  inside 
the  circulating  beam  pipe. 

The  calculated  cumulative  effect  of  the  By 
(vertical)  component  of  the  fringe  field  inside  the 
circulating  beam  region  on  a  100  Tm  rigid  beam  is 
equivalent  to  0.4  jjrad  bend  when  the  extensions  of  the 
lower  magnetic  poles  and  the  field  clamps  are  in  place.  The 
experimental  measurements  of  the  corresponding  field 
integral  inside  the  circulating  beam  pipe  were  done  with  a 
4.946  m  long  coil  which  was  placed  inside  the  circulating 
beam  pipe  with  end  of  the  coil  extending  well  beyond  the 


fringe  field  region  of  the  magnet.  From  these 
measurements  a  beam  bend  of  (0.8  ±  0.1)  prad  was 
calculated.  This  value  is  in  good  agreement  with  the 
calculated  value  of  0.4  prad. 

In  order  to  demonstrate  the  effect  of  the  extensions 
and  field  clamps  mentioned  above,  we  performed  3D 
calculations  on  the  same  magnet  with  the  extensions  and 
field  clamps  removed.  The  calculated  fringe  field  integral 
of  the  By  component  of  the  field  in  the  circulating  beam 
pipe,  with  the  extensions  and  the  field  clamps  removed, 
yields  a  bending  angle  of  75  prad  on  a  100  Tm  rigid  beam. 

A  plot  of  the  calculated  By  component  of  the  field 
inside  the  circulating  beam  pipe  at  the  exit  of  the  magnet 
from  -10  cm  inside  the  magnet  to  40  cm  outside,  (with  the 
extensions  and  field  clamps  removed),  is  shown  in  Fig.  4. 
The  high  fields  (~  1000  Gauss)  and  high  field  gradients 
shown  in  Fig.  4  were  reduced  by  a  factor  greater  than  1000 
with  the  use  of  extensions  and  field  clamps.  This  reduction 
of  the  fiinge  field  is  shown  in  Fig.  5  of  Ref.  1.  This  figure 
is  a  view  of  a  3-D  plot  of  the  By  component  of  the  fringe 
field  in  the  region  of  the  circulating  beam  pipe  of  the 
magnet,  with  extensions  and  field  clamps  in  place. 


Figure  4 
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Abstract 

The  Advanced  Photon  Source  (APS)  consists  of  four  sepa¬ 
rate  machines:  linac,  booster,  positron  accumulator  ring  (PAR) 
and  storage  ring  (SR),  plus  three  transfer  lines  interconnecting 
the  machines.  At  least  one  thin,  pulsed  septum  magnet  is 
located  at  each  splice  joint  [1].  The  stray  field  tolerances  for 
two  of  these  septum  magnets  are  very  stringent.  As  an  exam¬ 
ple,  for  clean  operation  during  the  proposed  top-up  mode  in  the 
storage  ring,  the  stray  fields  firom  the  septum  magnet  must  not 
exceed  1  G-m.  The  septum  wall  thickness  must  also  not  exceed 
2.4  mm.  To  meet  these  requirements,  direct-drive  septum  mag¬ 
nets  with  magnetic  shield  pipe  around  the  stored  beam  region 
were  developed  and  built.  These  magnets  have  now  been  tested 
and  installed,  and  are  used  in  daily  operation.  We  describe  the 
magnet(s)  design,  the  measurement  results,  the  actual  opera¬ 
tion,  and  performance. 

1.  INTRODUCTION 

There  are  six  pulsed  septum  magnets  interconnecting  the 
four  APS  machines.  Two  of  these,  the  PAR  injection/extraction 
septum  magnet  and  the  SR  injection  septum  magnet,  have  a 
septum  thickness  of  2.4  mm.  The  “field-free”  region,  i.e.,the 
area  where  the  circulating  beam  traverses,  has  strict  maximum 
field  requirements  of  10  G-m  for  the  PAR  and  1  G-m  for  the 
SR.  Both  are  of  the  direct-drive  configuration.  In  this  paper,  we 
are  concerned  with  these  two  magnets  only. 

Table  1  lists  the  specification  for  the  PAR  and  the  SR  sep¬ 
tum  magnets. 


Table  1 :  Septum  Magnet  Parameters 


PAR 

SR 

Thickness  (mm) 

2.4 

2.4 

Peak  Field  (T) 

0.75 

0.73 

Pulse  Width  1/2  Sine- Wave  (jisec) 

250 

500 

Peak  Current  (kA) 

13.2 

13.6 

Peak  Power  (kW) 

58 

143 

Avg.  Power  (kW) 

0.57 

0.11 

Leakage  Field^  (G-m) 

10 

1 

Leakage  Field^  (G-m) 

20 

1 

Repetition  Rate 

60 

2 

a.  Maximum  leakage  field,  defined  as  the  field  which 
makes  it  into  the  field-free  region,  allowed  at  the 
bumped  beam  location. 

b.  Maximum  leakage  field  allowed  on  the  closed  orbit. 


*  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  Sci¬ 
ences,  under  Contract  No.  W-31-109-ENG-38. 


Although  the  two  magnet  designs,  in  concept,  are  similar 
to  one  another,  in  actuality  they  vary  dramatically.  The  PAR 
magnet  is  used  for  both  injection  and  extraction  and  must  run 
continually  at  60  Hz,  its  core  is  in  vacuum,  and  water  cooling 
is  mandatory.  On  the  other  hand,  the  SR  magnet  is  used  only 
for  injection.  It  runs  at  2  Hz,  its  core  is  completely  outside  the 
vacuum,  and  it  can  be  operated  air-cooled. 

II.  DESIGN  AND  ANALYSIS 

Electromagnetic  simulations  of  the  main  field  in  the  gap 
and  the  field-free  region  for  the  PAR  and  SR  septum  magnets 
were  performed  using  the  OPERA  2-D  (PE2D)  software  [2]. 
Specifically,  transient  solutions  for  various  geometries  of  lami¬ 
nated  core,  conductors,  and  the  magnetic  shields  for  the  field 
free  regions  have  been  analyzed. 

In  pursuing  the  engineering  design  and  fabrication  of  these 
magnets  the  following  considerations  and  constraints  were 
taken  into  account: 

1.  The  steel  core  and  conductors  of  the  SR  magnet  must  be 
kept  out  of  the  vacuum.  This  is  possible  because,  unlike 
the  PAR  magnet,  the  SR  septum  magnet  is  used  for  injec¬ 
tion  only;  therefore,  there  is  adequate  radial  distance  at  the 
upstream  end  to  allow  a  vacuum  chamber  in  the  gap 
region  of  the  septum  and  utilize  the  magnetic  shield  in  the 
field  free  region  (i.e.  closed  orbit)  as  a  separate  vacuum 
channel.  These  two  pipes  converge  to  a  common  flange  at 
each  end  of  the  magnet.  A  cross-section  drawing  of  the 
magnet  is  shown  in  Figure  1. 


Figure  1:  Bucking  and  main  coils  in  the  SR  septum  magnet 

2.  The  SR  septum  magnet  leakage  field  must  be  made  <  1  G- 
m.  Although  our  simulations  indicated  this  to  be  possible 
with  the  basic  design,  as  an  added  safety  margin  a  backleg 
“bucking  coil”  was  built  into  the  magnet  [3].  This  addi¬ 
tional  winding  produces  a  field  in  the  gap  which  is  in  the 
same  direction  as  the  field  produced  by  the  main  coil; 
however,  outside  the  gap  the  field  produced  is  opposite  in 
sign  to  the  leakage  field  from  the  main  coil. 

3,  The  PAR  septum  magnet  is  used  for  injection  and  extrac¬ 
tion.  There  is  not  sufficient  radial  distance  at  either  end  to 
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separate  the  vacuum  chambers  in  the  gap  and  in  the  field- 
free  regions;  therefore  the  entire  PAR  magnet  is  placed  in 
a  vacuum  box.  Also,  because  of  the  less  stringent  field- 
free  region  leakage  field  requirements  (10  G-m)  it  does  not 
require  the  additional  bucking  coil. 

4.  The  PAR  septum  magnet  is  pulsed  at  a  60-Hz  repetition 
rate;  average  power  is  400  watts  in  the  septum  conductor 
and  170  watts  in  the  backleg  conductor.  To  provide  ade¬ 
quate  cooling,  a  special  effort  in  design  and  fabrication  of 
the  septum  conductor  is  required.  Since  the  total  septum 
thickness  is  only  2.4  mm  and  the  vertical  gap  is  22  mm 
(limited  by  the  peak  field  achievable  with  the  peak  cur¬ 
rent),  there  is  no  room  to  braze  the  cooling  tubes  to  the 
septum  conductor.  Straight  extension  of  the  septum  con¬ 
ductor  outside  the  vertical  gap  will  result  in  shunting  cur¬ 
rent  out  of  the  gap  which  in  turn  will  destroy  the  uniform 
field  in  the  gap  and  significantly  increase  the  field  in  the 
field  free  region.  For  this  reason,  the  septum  plate  conduc¬ 
tor  was  designed  with  slots  and  lugs,  effectively  open-cir¬ 
cuiting  this  undesirable  current  path.  This  open  circuit  is 
ruined  somewhat  by  the  attachment  of  the  cooling  pipes; 
however,  as  was  found  in  measurement,  the  resulting  field 
quality  was  still  within  the  specifications.  The  PAR  sep¬ 
tum  plate  conductor  is  shown  in  Fig.  2. 


III.  MEASUREMENTS  AND  PERFORMANCE 

Measurements  were  made  of  the  gap  and  field  free  regions 
under  various  operating  conditions.  The  measurement  setup 
consisted  of  both  PC-board  search  coils  and  Hall  probes 
mounted  on  computer-controlled  translation  stages.  All  data 
logging  was  automated  making  measurements  very  quick. 

3,1  Storage  Ring 

Measurements  of  the  SR  septum  magnet  indicate  very  lit¬ 
tle  leakage  field.  At  peak  current,  the  field  in  this  region  was 


<  0.5  G-m,  well  within  the  specifications  without  use  of  the 
supplemental  bucking  coil. 

The  field  in  the  gap  was  also  measured  to  be  within  toler¬ 
ance.  Figure  3  shows  the  body  field  and  the  field  integral  in  the 
gap  normalized  to  the  peak  pulse  current.  The  average  effec¬ 
tive  length  over  the  current  range  of  interest  was  measured  to 
be  1.07  m.  Some  saturation  is  seen  at  the  higher  currents;  how¬ 
ever,  the  measured  peak  integrated  field  was  0.826  T-m.  The  is 
8%  higher  than  what  is  required  for  7-GeV  injection  into  the 
storage  ring. 
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Figure  3:  SR  septum  magnet  main  field  measurements 

The  effectiveness  of  the  air  cooling  was  checked  by  oper¬ 
ating  the  magnet  at  full  field  strength  and  repetition  rate  (2  Hz) 
for  many  hours.  The  maximum  temperature  change  measured 
was  23’’C. 

This  magnet  is  presently  installed  in  the  SR  and  its  perfor¬ 
mance  with  beam  has  been  measured.  Preliminary  measure¬ 
ments  indicate  that  the  leakage  field  at  the  position  of  the 
stored  beam  is  indeed  below  0.5  G-m.  Our  measurements  indi¬ 
cate  no  influence  of  the  septum  field  on  the  closed  orbit  of  the 
beam. 

3.2  PAR 

The  primary  challenge  of  the  PAR  magnet  is  to  build  it 
durable  enough  to  withstand  the  60-Hz  repetition  rate  at  full 
field  strength.  An  initial  magnet  was  constructed  and  installed 
in  the  machine  only  to  fail  catastrophically  after  three  weeks  of 
operation.  The  failure  was  attributed  to  poor  mechanical  con¬ 
tact  between  the  cooling  tubes  and  the  septum  copper.  Inade¬ 
quate  cooling  was  the  result,  and  the  septum  copper  literally 
blew  itself  apart. 

The  design  was  modified  to  provide  much  better  mechani¬ 
cal/thermal  contact  between  the  stainless  steel  cooling  tubes 
and  the  septum  copper.  First,  however,  we  set  about  insuring 
that  the  mechanical  fix  did  not  spoil  significantly  the  field 
properties. 

A  series  of  measurements  were  made  on  an  early  proto¬ 
type  of  the  PAR  septum  magnet.  Cooling  tubes,  septum  con¬ 
ductor,  and  shield  pipe  were  assembled  in  various  ways  to 


1356 


encompass  all  cases  of  electrically  insulated  or  shorted  compo¬ 
nents  in  the  circuit.  The  impact  of  each  case  on  the  field  quality 
at  full  strength  (13.2  kA,  0.75T)  was  measured.  Table  2  con¬ 
tains  the  results  of  these  measurements.  The  best  compromise 
of  effective  cooling  and  ideal  electrical  insulation  of  the  sep¬ 
tum  conductor  is  Case  3  where  the  shield  pipe  is  electrically 
insulated  from  the  septum  conductor  and  the  stainless  steel 
cooling  tubes  are  brazed  directly  to  the  septum  conductor  lugs. 
The  measured  leakage  field  was  4.4  G-m,  below  the  10  G-m 
design  goal,  and  the  field  distortion  was  still  tolerable. 


Table  2:  Prototype  PAR  Measurements 


Case 

Main  Field 
Bdl 

[T-m/kA] 

Main  Field 

dB/B 

Leakage 

Bdl  rel.  diff% 

[%] 

[G-m] 

1 

0.0255503 

0.00 

1.7 

3,8 

2 

0.0254943 

-0.22 

1.2 

38 

3 

0.0257437 

0.76 

2.5 

4.4 

4 

0.0256601 

0,43 

2.5 

31 

5 

0.0253744 

-0.89 

1.4 

48 

Case  descriptions: 

1.  The  reference  case.  The  shield  pipe  is  electrically  insulated  from 
the  septum.  There  are  no  cooling  tubes. 

2.  The  shield  pipe  is  shorted  to  the  septum.  There  are  no  cooling 
tubes. 

3.  The  shield  pipe  is  electrically  insulated  from  the  septum.  The 
cooling  tubes  are  brazed  to  the  septum. 

4.  The  shield  pipe  is  shorted  to  the  septum.  The  cooling  pipes  are 
brazed  to  the  septum 

5.  The  septum  conductor  is  spot  welded  to  the  shield  pipe  in  8 
places.  Thin  wall  cooling  tubes  are  brazed  to  the  septum. 

Construction  of  the  final  version  of  this  magnet  is  nearly 
complete.  However,  as  a  result  of  the  testing  performed  on  the 
prototype,  we  fully  expect  this  magnet  to  perform  within  the 
design  performance  specifications. 

IV.  CONCLUSIONS 

We  have  built  both  the  SR  and  PAR  thin  septum  magnets. 
The  SR  magnet  meets  the  design  performance  specifications, 
and,  in  fact,  the  leakage  fields  of  the  SR  magnet  are  better  by  at 
least  a  factor  of  2  than  the  design  goals.  The  PAR  magnet  has 
yet  to  see  extended  running  time.  It  should  easily  meet  the  field 
free  region  design  goals;  however,  the  real  test  will  be  when 
we  run  it  at  60  Hz  for  long  periods  of  time  at  full  field  strength. 
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Abstract 

Injection  and  extraction  scheme  of  the  SPring-8  synchrotron  was 
designed.  One  kicker  magnet,  two  septum  magnets  and  one 
bump  magnet  which  will  be  installed  in  the  synchrotron  to  eject 
the  electron  beam  of  8  GeV  were  tested  and  successfully  com¬ 
pleted. 

L  INTRODUCTION 

The  SPring-8  synchrotron  is  required  that  the  synchrotron  ac¬ 
cepts  the  electron  beam  of  1  GeV  from  the  SPring-8  linac,  accel¬ 
erates  the  beam  energy  upto  8  GeV  and  ejects  the  electron  beam 
to  make  stacking  into  the  SPring-8  storage  ring  with  the  repeti¬ 
tion  period  of  Is.  In  multi-bunch  mode-operation  of  the  ring,  the 
long-pulse  electron-beam  which  has  macro-bunch  length  of  1/iS 
from  the  linac  is  accepted  in  half-number,  continus  buckets  of 
the  synchrotron.  The  beam  train  of  1/iS  is  handled  as  a  contin¬ 
ues  beam  in  the  synchrotron.  In  a  single-bunch  mode-operation, 
the  synchrotron  accepts  the  short-pulse  beam  which  has  macro¬ 
bunch  length  less  than  Ins  from  the  linac  corresponding  to  one 
bucket  length  of  the  synchrotron.  Moreover,  the  synchrotron  is 
required  to  improve  the  beam  current  of  the  single-bunch  mode- 
operation  at  the  stacking  of  the  ring.  And  8  buckets  of  the  syn¬ 
chrotron  are  occupied  by  the  short-pulse  beam  from  the  linac 
and  every  spacings  between  the  two  buckets  which  are  neighbor 
are  the  same  length.  And  the  electrons  which  occupy  the  8  buck¬ 
ets  are  injected  in  a  single  bucket  of  the  ring  with  contolling  the 
time  schedule  of  trigger  signals  for  the  electron  gun  of  the  linac 
and  the  pulse  magnets  of  the  injection  and  extraction  systems  of 
the  synchrotron. 

IL  INJECTION  AND  EXTRACTION  SCHEMES 

A.  Injection  Scheme 

Beam  injection  of  the  synchrotron  was  designed  to  be  on-axis 
injection  method.  Injection  system  of  the  synchrotron  is  com¬ 
posed  of  two  septum  magnets  and  two  kicker  magnets.  The  in¬ 
jection  scheme  is  shown  in  Fig.  1  and  the  aimed  parameters  of 
the  magnets  are  shown  in  Table  I.  In  this  Table,  the  effective 
lengthes  of  the  magnetic  fields  along  the  beam  orbit  are  defined 
with  the  core  lengthes.  Leakage  flux  of  the  septum  magnets  on 
the  injected  beam  is  expected  to  enlarge  the  amplitude  of  the  be¬ 
tatron  oscillation.  And  allowance  of  the  magnetic  rigidity  due 
to  the  leakage  flux  is  estimated  in  order  to  suppress  the  betatron 
enlargement  less  than  1mm  at  Si2  where  the  physical  aperture  of 
the  synchrotron  is  the  minimum  size.  Apertures  of  the  magnets 
are  to  be  so  large  that  the  beam  passes  through  the  magnetic 


Figure  1.  Beam  Injection  Scheme  (Horizontal)  —  Solid  line 
shows  horizontal  beam  size  on  injection  line  from  the  linac  and 
broken  line  shows  beam-stay-clear  of  the  injected  beam. 

Table  I 

Design  Parameters  of  Pulse  Magnets  —  Allowance  of  leakage 
shows  field  strengths  on  the  designed  orbit  in  the  case  of  the 
injection  magnets,  and  on  the  bump  orbit  in  those  of  the 
extraction  magnets. 


Pulse 

Mag.  Field 

Effective 

Allowance  of 

Magnets 

Strength(T) 

Length(m) 

Leakage(Tni) 

Sil 

0.789 

0.987 

3.3xlO~^ 

Si2 

0.250 

0.400 

1.9x10-^ 

Ki 

0.0264 

0.200 

— 

Bpl 

0.112 

0.170 

— 

Bp2 

0.159 

0.170 

— 

Bp3 

0.0966 

0.170 

— 

Bp4 

0.156 

0.170 

— 

Ke 

0.0395 

0.400 

— 

Sel 

0.263 

0.200 

1.2x10“^ 

Se2 

0.257 

0.400 

1.2x10"^ 

Se3 

0.970 

1.110 

2.1x10“® 

Se4 

1.152 

1.400 

field  and  the  beam  size  is  given  in  Table  II  with  the  positron- 
beam  parameters  of  the  linac.  Beam  size  at  the  beam  injection 
and  the  closed  orbit  distortion(COD)  before  COD  correction  are 
estimated  by  using  ’’RACETRACK”  with  the  electron-beam  pa¬ 
rameters  of  the  linac  and  the  beam- stay-clear  shown  in  Table  II. 

B.  Extraction  Scheme 

Extraction  system  of  the  synchrotron  consists  of  three  kicker 
magnets,  four  septum  magnets  and  four  bump  magnets,  which 
are  used  to  extract  the  electron  beam  with  8  GeV  from  the  syn¬ 
chrotron.  The  extraction  scheme  is  shown  in  Fig.  2.  The  aimed 
parameters  of  the  magnet  are  shown  in  Table  I  and  the  beam 
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(mm) 

Bten 


Table  0 

Beam  Size  and  BSC  at  Injectio 


ri 

D 

r2 

COD 

1st  Septum 

3.8 

88 

2.7 

6.6 

2nd  Septum 

4.6 

28 

4.7 

11 

9.3 

14.7 


Table  HI 

Beam  Size  at  Extraction 


(mm) 


ri(2.5<7) 

D 

r2(3<7) 

1st  Septum 

4.4 

19 

5.2 

2nd  Septum 

4.5 

22 

5.0 

3rd  Septum 

2.1 

36 

2.5 

4th  Septum 

3.0 

91 

3.6 

size  is  given  in  Table  III  with  the  parameters  of  the  synchrotron. 
Leakage  flux  of  the  septum  magnet  on  the  bump  orbit  is  ex¬ 
pected  to  enlarge  the  amplitude  of  the  betatron  oscillation,  and 
allowance  of  the  magnetic  rigidity  due  to  the  leakage  flux  is  es¬ 
timated  to  suppress  the  betatron  enlargement  less  than  0.4mm  at 
Sel  where  the  horizontal  spacing  between  the  bump  orbit  and 
the  septum  plates  is  the  narrowest  size.  The  performances  of 
two  septum,  one  kicker  and  one  bump  magnets,  which  will  be 
installed  in  the  extraction  system,  were  tested  and  successfully 
completed. 


Figure  3.  Magnetic-Field  Distribution  of  Se2  at  the  Upstream 
End  —  The  position  of  s=0mm  shows  the  core  end  of  Se2. 


Figure  4.  Magnetic-Field  Distribution  of  Se3  at  the  Upstream 
End  —  The  position  of  s=0mm  shows  the  core  end  of  Se3. 

III.  PULSE  MAGNETS 


Figure  2.  Beam  Extraction  Scheme  (Horizontal)  —  Solid  line 
shows  horizontal  beam  size  on  extraction  line  from  the  syn¬ 
chrotron  and  broken  line  and  dotted  line  show  bump  orbit  and 
beam-stay-clear  of  the  injected  beam. 


A.  2nd  Septum  Magnet  of  Extraction  System 

Magnetic-field  strength  of  the  2nd  septum  magnet  was  mea¬ 
sured.  The  field  distribution  on  the  extraction  orbit  at  the  mag¬ 
net  end  is  shown  in  Fig.  3.  The  effective  length  of  the  field  is 
9  mm  longer  than  the  core  length,  and  the  magnetic  rigidity  of 
3.4x10-5  Tm  due  to  the  leakage  flux  is  smaller  than  the  leakage 
allowance  of  1.2x10-3  Tm. 

B.  3rd  Septum  Magnet  of  Extraction  System 

Magnetic-field  strength  of  the  3rd  septum  magnet  was  mea¬ 
sured.  The  field  distribution  on  the  extraction  orbit  at  the  mag¬ 
net  end  is  shown  in  Fig.  4.  The  effective  length  of  the  field  is 
20  mm  longer  than  the  core  length,  and  the  magnetic  rigidity  of 
1.1x10-3  Tm  due  to  the  leakage  flux  is  smaller  than  the  leakage 
allowance  of  2.1x10-3  Tm. 

C.  Kicker  Magnet  of  Extraction  System 

In  order  to  achieve  the  single-bunch  mode-operation  of  the 
storage  ring,  rise  time  and  fall  time  of  the  magnetic  field  have 
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Position  (mm) 


Figure  5.  Magnetic-Field  Distribution  of  Kel  —  The  position 
of  s=0mm  shows  the  pole  end  of  Kel. 


Position  (nun) 

Figure  6.  Magnetic-Field  Distribution  of  Bp2  at  the  Down¬ 
stream  End  —  The  position  of  s=0mm  shows  the  core  end  of 
Bp2. 


IV.  CONCLUSION 

In  the  synchrotron,  fifteen  pulse  magnets  are  installed  to  in¬ 
ject  and  eject  electron  beam.  Some  magnets  which  had  been 
considered  to  have  some  difficulties  in  manufacturing  have  been 
constructed  in  an  early  stage  of  the  synchrotron-construction 
plan.  These  magnets  and  the  power  supplies  were  completed 
successfully.  We  have  started  to  manufacture  the  remainders  of 
the  pulse  magnets  on  schedule. 
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to  be  shorter  than  50  ns  and  150  ns,  respectively.  The  flat-top 
time  is  required  to  be  longer  than  60  ns.  Trial  manufacture  of 
the  kicker  magnet  was  completed  successfuly.^)  The  field  dis¬ 
tribution  of  Kel  along  the  design  orbit  is  shown  in  Fig.  5.  The 
effective  length  is  18  mm  longer  than  the  pole  length,  and  the 
waveform  of  the  magnetic  field  is  gratified. 


D.  Bump  Magnet  of  Extraction  System 

The  waveform  of  the  kicker  magnet  at  the  beam  extraction 
must  be  very  fast.  It  is  difficult  to  get  strong  magnetic-flux  den¬ 
sity  and  make  long  pole  length  of  the  kicker.  The  bump  orbit 
is  formed  with  four  bump  magnets  and  the  extraction  orbit  is 
achieved  on  the  bump  orbit  beause  of  the  low  magnetic-rigidity 
of  the  fast  kicker.  The  field  distribution  of  Bp2  along  the  design 
orbit  is  shown  in  Fig.  6  and  the  effective  length  is  36  mm  longer 
than  the  core  length  of  the  magnet. 
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MAGNETIC  DESIGN  OF  THE  LNLS  TRANSPORT  LINE 

R.  H.  A.  Farias,  Liu  Lin  and  G.  Tosin,  LNLS,  Campinas,  SP  13081-970  BRAZIL 


The  transport  line  for  the  injection  system  of  the  LNLS 
UVX  storage  ring  is  described.  The  line  connects  an 
underground  100  MeV  LINAC  to  the  1.15  GeV  UVX 
electron  storage  ring.  The  designs  for  the  magnets  are 
reviewed  and  the  measurements  of  the  prototypes  are 
presented. 

1.  INTRODUCTION 

The  magnetic  lattice  of  the  transport  line  consists  of  a 
quadrupole  doublet  just  after  the  underground  LINAC,  an 
achromatic  vertical  translation  which  brings  the  beam  to  the 
ring  level  and  a  horizontal  achromatic  deflection,  including 
the  septa,  which  leads  the  beam  to  the  injection  point  [1]. 
Although  the  injection  energy  is  chosen  to  be  100  MeV,  the 
line  has  been  designed  for  250  MeV  electron  energy, 
allowing  for  future  upgrade  of  the  injection  system  either 
by  recirculating  the  beam  in  the  LINAC  or  by  using  SLED. 

The  transport  line  is  20.031  m  long,  including  the 
septa.  A  lay-out  is  shown  in  figure  1.  The  line  presents 
some  flexibility  for  optical  function  matching.  Presently  it 
can  be  operated  either  with  the  optical  functions  matched  to 
the  storage  ring  functions,  or  with  the  functions 
mismatched  so  that  the  injected  beam  ellipse  occupies  the 
maximum  area  in  the  available  storage  ring  acceptance. 
The  vacuum  chamber  will  be  cylindrical,  with  inner 
diameter  0=35  mm.  This  limits  the  maximum  beam  energy 
deviation  in  the  line  to  ±1.6%  since  the  maximum 
dispersion  function  is  1.09  m.  The  dipole  chambers  will  be 
squeezed  to  24  mm  (inner  dimension)  in  the  gap  direction, 
which  does  not  decrease  the  beam  stay-clear. 

The  line  is  made  up  of  4  dipoles,  12  quadrupoles  and  2 
septa.  Additional  coils  in  the  quadrupoles  and  trim  coils  in 
the  dipoles  will  be  used  as  built-in  steering  elements.  This 


Figure  1  -  LINAC-UVX  transport  line:  magnetic  lattice. 


choice  makes  alignment  and  supports  easier.  The  dipoles 
can  be  used  to  correct  the  orbit  in  their  respective  bending 
planes,  whereas  the  quadrupoles  can  be  used  to  correct  in 
both  planes. 

Simulations  of  orbit  distortion  and  correction  for  the 
matched  injection  mode  have  shown  that  the  beam  path  can 
be  kept  within  ±1.5  mm  displacement  for  maximum 
steering  strengths  of  ±3  mrad  (including  a  50%  safety 
margin).  The  steering  coils  are  designed  to  provide  this 
steering  strength  at  the  energy  injection  of  250  MeV. 

All  the  transport  line  magnets  have  been  designed  with 
the  2D  POISSON  [2]  package.  The  precision  in  the 
lamination  dimensions  as  determined  by  the  laser  cutting 
process  has  been  simulated  in  the  design  project  of  the 
magnets.  Both  the  precision  and  the  roughness  of  the  cut 
are  of  the  order  of  ±25|Lim. 

11.  SEPTA 

The  final  deflection  of  the  injected  beam  towards  the 
storage  ring  will  be  carried  out  by  two  septa  deflecting  the 
beam  in  the  plane  of  the  stored  beam  orbit.  The  parameters 
for  these  magnets  are  shown  in  table  1  [3,4]. 

Both  septa  are  conventional  non-staggered  laminated 
C-core  d.c.  magnets  (figures  2-3).  The  yokes  are  composed 
of  stacks  of  1.5  mm  thick  low  coercivity  (1.0  Oe)  low 
carbon  steel  laminations  kept  together  by  tie  rods,  without 
special  end  plates.  The  thick  septum  consists  of  two  pieces 
aligned  to  each  other  by  means  of  a  precision  dowel  pin  in 
a  V  groove  and  held  together  by  means  of  aluminum 
clamps  (figure  3).  The  magnetic  field  in  these  magnets  is 


Table  1  -  Parameters  for  the  transport  line  septa 
((§>250  MeV). 


Thin  septum 

Thick  septum 

Deflection 

3° 

15° 

p(m) 

15.33 

3.83 

Magnetic  length  (m) 

0.8027 

1.0027 

Physical  length  (m) 

0.7744 

0.9413 

Gap  (mm) 

21 

44 

BCT) 

0.054 

0.218 

Good  field  width  (mm) 

41 

166 

Septum  thickness  (mm) 

5.0 

50 

Number  of  turns 

4 

264 

Current  (A) 

227 

30 

Voltage  (V) 

3.3 

21 

Power  (W) 

750 

630 

Inductance  (mH) 

0.05 

600 

0-7803-3053-6/96/$5.00  ®1996  IEEE 


1361 


Figure  2  -  Transverse  cut  of  the  thin  septum.  The  core 
and  the  magnetic  shield  are  inlaid  in  an  aluminum  box  used 
for  support  and  alignment. 


low  — even  for  the  highest  energy  injection —  and  no 
‘chamfering’  has  been  introduced  in  the  longitudinal  pole 
profile. 

The  coils  are  made  of  solid  copper  conductors  with 
rectangular  cross  sections.  For  the  thin  septum  coil  an 
efficient  cooling  system  is  of  paramount  importance.  For 
the  injection  energy  of  250  MeV,  the  power  dissipated  in 
the  septum  wall  is  of  the  order  of  270  W  and  the  current 
density  reaches  23  A/mm2.  The  four  turns  of  the  coil  are 
assembled  on  a  water  cooled  brass  support. 

For  the  thick  septum,  the  coil  is  a  unique  package  of 
264  turns  of  non-water  cooled  copper  conductor 
encapsulated  in  insulation  varnish.  The  maximum  current 


density  in  the  most  demanding  conditions  is  1 .7  A/mm2. 

The  thin  septum  has  been  assembled  and  measured. 
Measurements  obtained  using  a  Hall  probe  have  shown 
good  agreement  with  the  numerical  simulations  (Figure  4). 
The  screening  of  the  magnetic  field  in  the  storage  ring 
vacuum  chamber  region  satisfies  the  design  specifications. 
Measurements  of  the  lateral  fringing  field  have  shown  a 


x(nnm) 

Figure  4  -  Thin  septum:  measured  and  computed 
fields.  At  left,  the  field  inside  the  stored  beam  region.  At 
right  the  field  inside  the  septum  gap.  The  scales  are 
different  for  the  two  regions.  The  measurements 
correspond  to  the  injection  energy  of  120  MeV 
(1=108.9  A). 

maximum  remanent  field  of  1.1  gauss  for  120  MeV 
injection  energy.  Measurements  of  the  integrated 
longitudinal  field  using  the  rotating-coil  technique  show  a 
difference  of  approximately  0.3%  as  compared  to  the  hard- 
edge  model.  In  this  case  the  coil  has  shown  excellent 
thermal  behaviour.  For  250  MeV  injection  energy, 
modifications  will  be  required  in  the  cooling  system  of  the 
coil. 

III.  DIPOLES 

The  four  bending  magnets  of  the  transport  line  are 
grouped  into  two  families  (Table  2)[5].  These  dipoles  are 
standard  C-core  magnets  consisting  of  1.5  mm  thick 
laminations  stacked  and  held  together  by  tie  rods.  Special 


Table  2  -  Parameters  for  the  transport  line  dipoles 
(@250  MeV). 


Vertical 

Horizontal 

#  of  elements 

2 

2 

Deflection 

65° 

33° 

p(m) 

0.80 

0.80 

Magnetic  length  (m) 

0.9076 

0.4608 

Physical  length  (m) 

0.8997 

0.4544 

Gap  (mm) 

30.0 

30.0 

BCT) 

1.04 

1.04 

Good  field  width  (mm) 

20.0 

125.3 

Number  of  turns 

460 

460 

Current  (A) 

28.1 

28.4 

Voltage  drop  (V) 

64.1 

44.8 

Power  (kW) 

1.8 

1.27 

Inductance  (H) 

3.9 

2.6 
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20  mm  thick  laminations  of  non-ferromagnetic  stainless 
steel  are  used  as  end  plates. 

The  laminations  for  the  vertical  deflection  dipoles  are 
staggered  due  to  the  large  deflection  angle  and  to  the 
geometrical  constraints  in  the  transport  line.  In  order  to 
prevent  non-linear  effects  due  to  saturation  of  the  magnetic 
field  in  the  core  comers,  the  ends  of  both  dipoles  have  been 
rolled  off.  The  longitudinal  profile  of  the  poles  have  a 
30  mm  radius  circular  chamfer. 

The  coils  for  the  dipoles  are  constructed  as  flat 
pancakes  with  two  layers  of  solid  copper  conductors 
amounting  to  92  windings  each  pancake.  Each  pancake  is 
wrapped  with  insulation  polyester  tape  and  impregnated 
with  insulation  varnish.  Each  dipole  holds  two  coils,  which 
in  turn  is  composed  of  five  pancakes.  The  built-in  steering 
capabilities  are  attained  by  supplying  additional  trim  coils 
wound  along  the  backleg  of  the  dipoles.  Using  16  mm2 
cross  section  extra-flexible  copper  wire,  the  magnetic  field 
required  for  the  maximum  deflection  of  3.0  mrad  can  be 
reached  with  8  windings  for  the  vertical  and  16  windings 
for  the  horizontal  dipoles  (for  a  current  of  ±9.8  A). 

According  to  numerical  simulations,  the  transversal 
field  homogeneity  along  the  good  field  region  is  4x10'^% 
for  the  vertical  dipole  and  5x10"^%  for  the  horizontal  one. 

IV.  QUADRUPOLES 

There  are  12  quadrupoles  in  the  transport  line  [6]. 
They  are  composed  of  four  identical  parts,  each  one 
corresponding  to  a  pole.  This  is  particularly  suitable  for  the 
shuffling  of  the  laminations  which  provides  better 
uniformity  of  the  magnetic  characteristics.  The  laminations 
are  stacked  without  end  plates  and  held  together  by  tie  rods. 


Table  3  -  Parameters  for  the  transport  line 
quadrupoles  (@250  MeV). 


#  of  elements 

12 

Maximum  Gradient  (T/m) 

5.1 

Magnetic  aperture  radius  (mm) 

20.0 

Magnetic  length  (m) 

0.2 

Gap  (mm) 

30.0 

BCT) 

1.04 

Good  field  width  (mm) 

20.0 

Number  of  tums/coil  (main  coil) 

72 

Maximum  Current  (A) 

12 

Maximum  Voltage  drop  (V)/mag. 

3.7 

Power  (W) 

44 

Inductance  (mH) 

43 

Each  main  coil  is  composed  by  80  mechanical 
windings.  Neither  the  main  or  the  steering  coils  are  water 
cooled. 

The  tolerance  for  the  maximum  relative  deviation  of 
the  magnetic  field  profile  from  a  pure  quadrupole  field  is 
5.0x10'^  at  the  internal  wall  of  the  vacuum  chamber. 
Simulations  show  for  the  transport  line  quadrupoles  an 
expected  maximum  relative  deviation  of  the  order  of 
5.0x10"". 

V.  CONCLUSIONS 

We  have  presented  the  design  project  for  the  transport 
line  from  the  LNLS  LINAC  to  the  UVX  storage  ring, 
including  a  brief  description  of  the  lattice  and  the  magnetic 
design  of  all  components.  Among  these,  in  our  case,  the 
thin  septum  was  the  most  critical  item.  The  results  of  its 
magnetic,  mechanical  and  thermal  characterization  showed, 
however,  that  the  constructed  piece  characteristics  is  within 
the  required  tolerances.  Simulations  have  shown  that 
besides  the  mechanical  tolerances  of  the  laminations,  the 
septum  coil  positioning  precision  is  as  well  a  critical 
parameter  for  the  field  quality.  This  is  probably  the  main 
reason  for  the  small  differences  between  the  measured  and 
the  simulated  fields  near  the  septum  wall. 

The  thick  septum  laminations  are  already  cut  as  well  as 
part  of  the  quadrupoles.  They  will  be  assembled  in  the  near 
future.  The  remaining  transport  line  magnets  will  be 
constructed  and  characterized  by  August  1995. 
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CONSTRUCTION  AND  CARACTERIZATION  OF  COMBINED  FUNCTION 

QUADRUPOLES 

G,  Tosin,  LNLS,  C.P.  6192,  13081-970,  Campinas,  SP,  Brazil 


The  magnetic  lattice  of  the  Brazilian  Synchrotron 
Light  Source  uses  combined  function  quadrupole  magnets, 
i.e.,  special  coils  are  included  in  the  quadrupoles  to 
produce  a  sextupolar  field  component.  These  combined 
quadrupoles  are  used  in  the  dispersion  free  straight 
sections  and  the  sextupolar  component  is  employed  in  the 
minimization  of  geometrical  aberrations  produced  by  the 
chromatic  correction  sextupoles.  The  sextupolar 
component  reaches  26  Tesla/m^,  superimposed  on  the 
main  quadrupole  component  of  17  Tesla/m.  The  magnet 
core  consists  of  laser  cut  steel  laminations.  In  this  report, 
we  present  results  on  mechanical  and  magnetic 
characterization  of  these  magnets,  including  harmonic 
analysis  and  an  investigation  on  the  positioning 
repeatability  of  the  magnetic  axis  with  respect  to  the 
reference  girder. 

L  INTRODUCTION 

This  work  describes  the  construction  and  magnetic 
characterization  of  combined  quadrupoles  which  have 
additional  coils  to  produce  a  sextupolar  field.  These 
quadrupoles  are  present  in  the  dispersion-free  straight 
sections  of  the  LNLS  UVX  electron  storage  ring  and  their 
sextupolar  components  are  used  as  a  means  to  correct 
geometric  aberrations  produced  by  the  chromatic 
correction  sextupoles,  thus  improving  the  dynamic 
aperture. 

11.  CONSTRUCTION 

Two  air  yoke  coils  are  installed  so  as  to  produce  a 
dipolar  field  with  a  high  sextupolar  content  (figure  1).  The 
dipolar  component  is  then  cancelled  out  by  means  of 
compensating  coils. 

The  air  yoke  coils  were  designed  to  be  included  into 
already  existing  quadrupoles  and  to  reach  d^B/dx^=  26 
Tesla/m^.  Fourteen  turns  of  polyester-coated  copper  wire 
are  wound  on  a  water-cooled  brass  yoke.  The  two  coils  are 
serially  connected  and  the  current  density  to  produce  the 
necessary  field  is  12.8  A/mm^,  dissipating  150  Watts. 
Under  these  conditions  the  coils  reached  a  final 
temperature  of  42  ^C. 

The  core  of  the  host  quadrupole  is  fabricated  with 
laser-cut  steel  lamination,  of  1.5  mm  thickness,  with 
accuracy  of  ±.03mm.  It  has  a  quadrupolar  component  of 
17  Tesla/m  with  225  Amps  through  the  main  coils. 
Additional  coils  are  provided  for  compensating  the  dipolar 
field  dipolar  field  originated  in  the  sextupolar  coils. 


285.0 
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5 
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Figure  1:  Front  and  side  view  of  combined  quadru-pole 
prototype 

III.  MEASUREMENTS 

The  measurements  of  the  first  prototype  were 
performed  with  the  rotating  coil  technique.  Excitation 
curves  of  the  integrated  sextupolar  component  with 
quadrupole  currents  of  10.5  A,  120A  and  225  A  are  shown 
in  Figure  2.  These  currents  correspond  to  lowest 
quadrupolar  field  during  injection  and  to  lowest  and 
highest  quadrupolar  field  at  full  energy,  respectively. 
Negative  values  come  from  mixing  the  sextupole 
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produced  by  air  yoke  coils  and  the  sextupole  components 
due  to  construction  errors. 


Figure  2:  Excitation  curve. 

Figure  3  shows  the  harmonic  analysis  of  a  pure 
quadrupole  at  10.5  A,  a  combined  quadrupole  also  with 
10.5  A,  but  with  72  A  in  sextupolar  generating  coils  and 
the  results  of  simulation  with  no  quadrupolar  current  and 
71.4  A  in  sextupolar  coils.  Note  the  increase  of  the 
undesired  10-pole,  14-pole  and  18-pole  components. 

w  pure  quadrupole 


deformations  of  the  small  girder  are  avoided.  In  this  small 
girder,  refrences  were  fixed  to  relate  the  theoretical 
central  orbit  position,  called  geometric  center,  with  the 
magnetic  center  of  quadrupole  localized  by  rotating  coil 
measurements.  The  accuracy  of  these  measurements  is  .01 
mm. 

The  results  of  placing  and  taking  off  the  small  girder 
several  times  on  the  same  quadrupole  showed  a 
repeatability  of  the  magnetic  center  positioning  of  ±.0.01 
mm.  The  repeatability  of  the  magnet  center  positioning 
among  several  quadrupoles  is  of  ±.0.1mm. 

IV.  CONCLUSIONS 

A  combined  function  quadrupole  has  been  built  and 
characterized  and  the  results  showed  a  significant 
increase  in  unwanted  high  multipole  components.  The 
alignment  of  the  magnets  in  the  straight  sections  will  be 
done  with  the  help  of  a  reference  girder,  the  production  of 
which  has  been  started. 

V.  REFERENCES 

[1]  Reference  Manual  for  the  POISSON/SUPERFISH 
Group  of  Codes,  Los  Alamos  Accelerator  Code  Group, 
LA-UR-87-126. 


Figure  3:  Harmonic  analysis.  The  simulation  results  were 
obtained  with  the  2d  code  POISSON  [1]. 

In  parallel  with  these  measurements,  the  possibility 
to  align  the  magnets  in  straight  sections  using  only  one 
reference  girder  was  tested.  To  achieve  this  purpose, 
high  mechanical  precision  is  needed  in  the  construction  of 
the  magnet  and  the  reference  girder  rails. 

The  procedure  used  to  test  this  possibility  consisted  in 
putting  a  small  girder,  which  simulates  with  high 
accuracy  the  real  girder  of  a  straight  section,  on  top  of 
an  upside  down  quadrupole.  This  way,  mechanical 
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The  SLAC  A-Line  is  a  transport  system  originally 
designed  to  deliver  electron  beams  of  up  to  25  GeV  to  fixed 
target  experiments  in  End  Station  A.  To  raise  the  beam 
energy  capability  of  the  A-Line  to  52  GeV,  the  eight 
original  bending  magnets,  plus  four  more  of  the  same  type, 
have  been  modified  by  reducing  their  gaps  and  adding  trim 
windings  to  compensate  for  energy  loss  due  to  synchrotron 
radiation.  In  this  paper  we  describe  the  modifications  that 
have  been  completed,  and  we  compare  test  and 
measurement  results  with  predicted  performance. 

1.  HISTORY  AND  MOTIVATION 

The  A-Line  is  one  of  SLAC's  two  original  beam 
transport  systems  and  has  been  in  use  since  1966.  The 
function  of  the  A-Line  is  to  guide  and  focus  the  electron 
beam  from  the  linac  through  the  Beam  Switch  Yard  (BSY) 
to  the  experimental  facilities  in  End  Station  A.  From  there, 
the  beam  drifts  to  a  high-power  beam  dump  in  a  heavily 
shielded  chamber  in  the  hillside  east  of  End  Station  A.  The 
A-Line  consists  of  a  series  of  magnets,  collimators, 
diagnostic  devices,  vacuum  chambers,  and  associated 


instrumentation.  The  original  magnets  were  conservatively 
engineered  and  have  run  without  failure  to  support  a  large 
number  of  high  energy  physics  experiments  over  this  long 
period  of  service. 

Over  the  last  decade,  the  linac  has  been  upgraded  as 
part  of  the  SLC  project,  so  that  long-pulse  beams  can  now 
be  accelerated  up  to  about  33  GeV,  and  short-pulse  beams 
can  be  accelerated  up  to  about  50  GeV.  The  purpose  of  the 
present  project  is  to  upgrade  the  A-Line  so  that  these  higher 
energy  beams  can  be  transported  to  End  Station  A  for  use 
in  fixed  target  experiments. 

n.  MAGNET  REQUIREMENTS 

As  originally  designed,  the  A-Line  used  eight  large 
dipole  magnets  to  deflect  the  beam  through  a  total  bend 
angle  of  24  degrees.  These  are  conventional  magnets,  each 
nominally  three  meters  long,  consisting  of  water-cooled 
copper  coils  on  solid  iron  cores.  The  design,  fabrication, 
and  measurement  results  for  the  original  magnets  are 
described  in  detail  in  Reference  1.  To  transport  a  beam 
with  energy  greater  than  25  GeV  requires  that  the  total 


Figure  1.  POISSON  model  of  one  quadrant  of  a  modified  dipole  showing  magnetic  flux  lines. 


*  Work  supported  by  Department  of  Energy  contract  DE- 
AC03-76SF00515. 
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bending  strength  be  increased.  This  will  be  done  by 
installing  four  additional  magnets,  identical  to  the  original 
eight,  which  will  be  powered  in  series  with  the  original 
eight.  All  twelve  magnets  have  been  modified  to  increase 
their  strengths  by  reducing  their  pole-to-pole  gaps.  This 
has  been  done  by  installing  steel  shim  plates  under  each 
pole  piece  of  each  magnet.  In  addition,  the  LCW  plumbing 
is  being  modified  to  increase  the  flow  of  cooling  water  to 
the  magnets. 

Each  magnet  originally  had  a  60  mm  pole-tip  gap  and 
was  designed  for  a  maximum  integrated  strength  of 
approximately  44  kG-m.  To  achieve  the  desired  strength  of 
about  61  kG-m,  the  gap  has  been  reduced  to  46  mm.  This 
choice  was  based  on  a  requirement  that  the  beam  stay-clear 
be  at  least  3  sigma  for  a  5  GeV  beam.  This  was  also  a 
convenient  choice  because  it  was  small  enough  to 
accommodate  the  required  trim  windings  sandwiched 
between  the  existing  main  coils  and  the  new  vacuum 
chamber,  yet  was  just  large  enough  to  stay  clear  of  the 
beam  aperture  as  defined  by  existing  collimators.  Figure  1 
illustrates  the  cross  section  of  one  quadrant  of  a  modified 
magnet.  Superimposed  on  the  magnet  are  magnetic  flux 
lines  as  calculated  with  the  POISSON  program  assuming  a 
current  of  1382  amps,  which  corresponds  approximately  to 
the  field  needed  for  a  52  GeV  beam.  At  this  current,  the 
pole  tip  field  was  calculated  to  be  20.11  kG.  The  flux 
leakage  outside  the  iron  return  yoke  indicates  substantial 
saturation  at  this  field  strength. 

The  original  magnet  coils  were  cooled  with  low 
conductivity  water  (LCW)  from  a  system  capable  of 
supplying  approximately  12  gallons/minute  to  each  magnet. 
Calculations  indicated  that  this  would  be  inadequate  for  the 
higher  beam  energies,  even  with  the  reduced  gap.  To  avoid 
coil  damage  due  to  high  temperatures,  the  plumbing  system 
is  being  modified  to  provide  LCW  from  the  pumping 
system  used  for  the  research  area,  which  was  designed  to 
support  numerous  large  spectrometer  magnets.  It  has  been 
estimated  that  the  pressure  drop  across  each  magnet  will  be 
approximately  200  psi  with  this  system,  corresponding  to  a 
flow  of  about  20  gallons/minute  in  each  magnet. 

At  energies  above  about  30  GeV,  the  emission  of 
synchrotron  radiation  by  the  beam  is  significant  as  it  passes 
through  the  bend  magnets  in  the  A-Line.  The  next  two 
fixed  target  experiments  planned  at  SLAC  require  a 
longitudinally  polarized  electron  beam  with  an  energy  of 
about  48.6  GeV.  This  energy  corresponds  to  a  total  spin 
precession  of  15k  rotations  as  the  beam  traverses  the  beam 
transport  system  from  the  linac  to  the  experimental  target. 
At  this  energy,  the  total  loss  due  to  synchrotron  radiation  is 
about  0.8  percent.  To  keep  the  beam  properly  steered 
through  the  A-Line,  it  will  therefore  be  necessary  to  adjust 
the  magnet  strengths  according  to  a  "synchrotron  taper" 
scheme.  Although  there  are  several  ways  to  accomplish 
this,  the  most  conceptually  straight  forward  is  to  provide 
individual  trim  windings  on  each  dipole.  The  main  bend 
power  supply  can  then  be  set  to  a  value  appropriate  for  the 
beam  energy  as  it  exits  the  last  of  the  twelve  bend  magnets 


and  the  trims  can  then  be  used  to  boost  the  strength  of  each 
of  the  other  magnets  to  a  level  corresponding  to  the  beam 
energy  at  each  point.  Computer  simulations  have  shown 
that  grouping  the  magnets  in  pairs  for  this  purpose  gives  a 
smooth  enough  taper;  i.e.,  the  trim  windings  of  pairs  of 
consecutive  magnets  may  be  powered  in  series.  Therefore, 
a  total  of  six  trim  supplies  will  be  sufficient  if  each  supply 
powers  the  trims  on  two  adjacent  magnets. 

The  strength  required  of  the  trim  windings  is  based  on 
the  calculated  beam  energy  loss.  The  energies 
corresponding  to  IStc  and  167t  electron  spin  precessions  in 
the  A-Line  are  approximately  48.6  GeV  and  51.8  GeV, 
respectively,  in  the  absence  of  synchrotron  radiation.  With 
synchrotron  radiation,  the  energy  corresponding  to  157C 
precession  is  achieved  with  48.75  GeV  at  the  end  of  the 
linac  and  48.36  GeV  in  End  Station  A.  For  1671  rotations, 
the  corresponding  numbers  are  approximately  52.04  GeV 
and  51.54  GeV,  respectively.  The  most  demanding 
requirement  for  the  trim  windings  is  in  boosting  the  first 
pair  of  magnets  to  52.04  GeV  when  their  main  windings 
are  powered  to  51.54  GeV.  This  requires  raising  the 
strength  of  each  magnet  firom  60.067  kG-m  to  60.65  kG-m, 
an  increase  of  about  1  percent. 

III.  DESIGN  AND  FABRICATION 

The  magnets,  which  are  constructed  of  solid  pieces  of 
iron,  were  completely  disassembled  to  permit  the  removal 
of  the  pole  pieces  from  the  rest  of  the  magnet  core.  It  was 
interesting  to  note  that,  after  some  28  years  of  service,  the 
magnet  components  were  still  in  excellent  condition.  There 
was  very  little  evidence  of  radiation  damage  to  the  epoxy 
insulation  of  the  main  coils.  The  ceramic  insulators  which 
carry  LCW  to  the  main  coils  were  generally  free  of  deposits 
and  exhibited  no  defects. 

The  steel  shims  were  fabricated  out  of  AISI  1006  steel 
and  precision  ground  to  7  mm  (0.276  inch)  thickness.  Prior 
to  release  for  fabrication,  special  attention  was  paid  to  the 
metallurgical  certification  of  the  shim  material  in  an  effort 
to  obtain  the  optimum  magnetic  permeability.  In  an 
additional  attempt  to  enhance  permeability,  the  steel  was 
heat  treated  by  firing  in  air  for  a  9.5  hour  cycle  of 
controlled  heating  and  cooling,  with  a  peak  temperature  of 
760°C  (MOOT). 

The  trim  coils  were  wound  from  6.5  mm  (0.255  inch) 
square  copper  with  a  3.2  mm  (0.125  inch)  round  internal 
passage.  Prior  to  winding,  the  conductor  was  insulated 
using  double  dacron  glass.  Each  nineteen  turn  coil  was 
wound  in  a  single  layer  and  installed  in  the  magnet  with  a 
layer  of  0.23  mm  (0.009  inch)  dacron-mylar-dacron 
between  the  main  and  the  trim  coils.  The  position  of  the 
trim  coil  is  indicated  in  Figure  1. 
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IV.  MEASUREMENT  RESULTS 


Each  completed  magnet  is  being  processed  through  an 
extensive  series  of  measurements  before  installation  in  the 
BSY.  The  measurements  are  done  using  a  long  flip  coil 
which  has  been  calibrated  against  an  NMR  system. 
Measurements  of  the  first  complete  magnet  were  used  to 
develop  a  standardization  procedure  to  be  used  whenever 
high  accuracy  is  desired.  The  standardization  procedure 
adopted  involves  ramping  the  magnet  current  from  25  amps 
to  1400  amps  at  a  rate  of  11  amps/sec  for  90  percent  of  the 
way  to  the  end  point,  followed  by  a  ramp  of  5.5  amps/sec 
for  the  remaining  10  percent.  The  magnet  is  then  allowed 
to  settle  at  1400  amps  for  60  seconds  before  ramping  down 
in  the  same  way  to  25  amps.  Again  the  magnet  is  allowed 
to  settle  for  60  seconds  before  proceeding.  If  this  cycle  is 
repeated  three  times  before  ramping  up  to  the  final  desired 
set  point,  then  the  field  accuracy  is  reproducible  to  a  level 
of  5.3  X  10"^.  With  the  main  coils  powered  to  1400  amps 
and  the  trim  windings  powered  to  130  amps,  the 
temperature  rise  in  the  main  coil,  as  measured  at  the  LCW 
outlet,  is  35  ^C,  and  the  rise  in  the  trim  winding  is  32*C. 
These  values  are  consistent  with  the  expected  temperature 
rise,  and  are  acceptable  for  reliable  long-term  operation. 
The  finished  magnet  properties  are  summarized  in  Table  1. 


Pole  to  pole  gap 

46.0  mm 

Effective  length 

3.0277  m  @  1400  A 

Weight 

30,000  lb.  approx. 

Main  coil 

2x  (48  tums/pole) 

I  (main) 

1400  amps  max. 

Terminal  voltage 

133  volts  @1400  A 

Trim  coil 

2x  (19  tums/pole) 

I  (trim) 

120  amps  max. 

LCW  flow  (main) 

20  gal/min.  @  200  psi 

Temp,  rise 

35°C@1400A 

iBdl 

62.008  kG-m  @1400A 

Table  1.  Summary  of  bend  magnet  specifications. 

Figure  2  shows  the  integrated  magnetic  strength  vs. 
current  for  the  first  completed  magnet.  The  round  data 
points  are  measurements  made  with  a  60  mm  pole  tip  gap 
before  the  magnet  was  modified.  The  square  data  points 
are  measurements  of  the  finished  magnet  with  a  46  mm 
gap.  The  smaller  dots  show  design  values  calculated  using 
the  POISSON  modeling  program.  Note  that  the  measured 
performance  matches  the  calculated  field  strength  closely 
for  currents  up  to  about  600  amps,  and  is  somewhat 
stronger  than  anticipated  for  higher  excitation.  This  can  be 
attributed  to  better  magnetic  properties  of  the  steel  yoke 
material  and  shims  than  was  assumed  in  POISSON. 


I  (amps) 


Figure  2.  Integrated  magnetic  strength  vs.  current. 


Figure  3  shows  the  measured  properties  of  the  trim 
windings  on  the  first  complete  magnet.  The  increase  in 
integrated  magnet  strength  due  to  the  trim  coils  is  plotted 
against  trim  coil  current  for  two  values  of  the  main  coil 
current:  550  amps,  where  the  magnet  response  is  very 
linear,  and  again  at  1000  amps,  where  the  iron  is 
significantly  saturated.  The  hysteresis  effect,  which  is 
clearly  evident  when  the  main  coil  is  set  to  550  amps, 
becomes  negligible  as  the  iron  becomes  saturated. 
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Figure  3.  Trim  coil  strength  vs.  trim  current  for  two 
values  of  the  main  coil  current. 
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ABSTRACT 

The  Heavy  Ion  Fusion  Program  at  the  Lawrence 
Berkeley  Laboratory  is  conducting  experiments  in  the 
transport  and  acceleration  of  “driverlike”  beams.  The 
single  beam  coming  from  the  four-to-one  beam  combiner 
will  be  transported  in  a  lattice  of  pulsed  magnetic 
quadrupoles.  The  present  beam  transport  consists  of  high 
field,  short  aspect  ratio  magnetic  quadrupoles  to  maximize 
the  transportable  current.  This  design  could  also  be 
converted  to  be  superconducting  for  future  uses  in  a  driver. 
The  pulsed  quadrupole  will  develop  a  maximum  field  of 
two  Tesla  and  will  be  housed  within  the  induction 
accelerator  cells  at  the  appropriate  lattice  period. 
Hardware  implementation  of  the  physics  requirements  and 
full  parameter  testing  will  be  described.*^ 

INTRODUCTION 

The  initial  transport  for  the  heavy  ion  beam  from  the  2 
MeV  injector  to  5  MeV  of  acceleration  is  provided  by 
electric  quadrupole.  At  the  5  MeV  level,  it  becomes  more 
effective  to  use  magnetic  focusing.  The  detail  of  the 
physics  design  and  requirements  of  the  focusing  field  are 
covered  in  a  separate  paper  at  this  conference.  The 
electromechanical  design  of  this  quadrupole  has  been 
optimized  for  the  Elise  accelerator.  Design  codes  for  a 
real  driver  indicate  that  the  optimum  design  will  most 
likely  consist  of  superconducting  quadrupoles  and  a 
transition  from  electric  focusing  to  magnetic  focusing  will 
occur  at  a  higher  energy  level. 

MECHANICAL  DESIGN  AND 
MANUFACTURING 

The  HIF  program’s  magnetic  quadrupole  has  a 
cylindrical  geometry  with  an  aperture  radius  of  1/3  the 
effective  coil  length.  The  physics  design  requires  a  peak 
field  of  2  T  over  a  1  millisecond  pulse  delivered  at  a 
repetition  rate  of  1  Hz.  The  aperture  radius  has  been  set  at 
75  mm,  and  the  effective  magnetic  length  at  249  mm.  In 
an  effort  to  create  a  magnet  that  will  meet  the 
requirements  of  a  heavy  ion  accelerator,  one  prototype  has 
been  created  and  tested  and  a  second  prototype  is  now  in 
progress.  In  the  first  prototype  we  concentrated  our  design 
efforts  on  creating  a  magnet  that  would  be  electrically  and 
mechanically  reliable  over  the  short-  and  long-term.  In  the 
second  prototype,  which  we  are  currently  building,  we  are 


*This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  Fusion  Energy,  U.S.  Dept,  of  Energy, 
under  Contract  No.  DE-AC03-76SF00098. 


refining  the  design  so  as  to  improve  the  magnetic  field 
quality  of  the  magnet. 

The  magnetic  quadrupole  is  made  up  of  a  coil  form, 
the  conductors,  electrically  insulating-heat  conducting 
epoxy,  cooling  passages,  and  a  flux  return  yoke.  See 
figure  1.  The  coil  form  is  a  plastic  cylinder  in  which 
elliptical  ended  ’’race-track"  shaped  grooves  are 
numerically  machined  into  so  as  to  provide  precise 
positioning  of  the  conductor  cables.  The  quadrupole  has  24 
turns  per  pole,  arranged  in  two  layers  with  identical 
azimuthal  distributions  so  as  to  provide  the  130  kA-tums 
per  quadrant  necessary  for  producing  the  required  2  Tesla. 
Rectangular  litz  wound  cable  is  used  as  a  conductor  so  as 
to  minimize  eddy  current  losses.  Once  the  conductor  has 
been  wound  into  the  coil  form,  the  assembly  is  vacuum 
potted  with  thermally  conductive  epoxy.  A  3  mm  layer  of 
epoxy  radially  distant  from  the  conductors  and  coil  form  is 
left  so  as  to  provide  electrical  insulation  between  the 
conductors  and  the  water  used  to  cool  them.  A  cooling 
jacket  is  made  by  stacking  a  number  of  PVC  rings,  which 
had  a  step  cut  into  them  and  off  set  holes  to  provide  a 
water  passage,  which  are  slid  over  the  magnet.  The  I.D.  of 
the  PVC  rings  is  such  that  there  is  an  interference  fit  with 
the  outside  of  the  potted  magnet.  The  whole  assembly  is 
then  potted  into  a  yoke  constructed  of  steel  laminations. 


Thermally 
conductive 
epoxy 


Epoxy  Yoke 


Vacuum 
impregnati 
coil  winding 


Water 
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G-10 
Seperator 


Coil 

Form 


Fig.  1  Cross-sectional  view  of  one  quadrant  of  the  Magnet 

Making  the  first  prototype  electrically  and 
mechanically  reliable  meant  minimizing  the  voltage 
across  the  leads,  providing  enough  insulation  between  the 
cables,  and  providing  enough  cooling  and  conductance  of 
the  heat  generated  by  the  cables.  Electrical  breakdown 
problems  were  dealt  with  by  vacuum  potting  the  magnet  so 
as  not  to  introduce  any  bubbles  and  then  applying  one 
atmosphere  of  pressure  to  the  curing  epoxy  so  as  to  make 
any  bubbles  that  did  exist  as  small  as  possible.  That  way 
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Fig.  2.  The  Magnetic  Quadrupole  Cooling  Jacket 


we  would  minimize  the  chance  of  plasma  forming  in 
pockets  within  the  epoxy.  Choosing  the  conductor  cross 
sectional  area  also  had  an  effect  on  the  potential  for  break 
down  as  well  as  the  chance  of  over  heating  the  magnet.  In 
choosing  a  conductor,  the  ease  at  which  it  could  be  wound 
and  formed  was  also  a  consideration.  The  relationships  of 
conductor  size,  power  dissipation,  lead  voltages,  and 
number  of  turns  per  quadrant  of  the  magnet  are  shown  in 
figure  2.  Also  shown  in  this  figure  is  the  fact  that  the  total 
conductor  area  must  be  at  least  55%  of  the  cross  section  in 
order  to  obtain  correct  spacing  for  the  required  cos0 
quadrupole  current  distribution. 


A  reasonable  conductor  to  optimize  the  power, 
voltage,  and  windability  equation  would  be  a  3x5  mm 
stranded  conductor.  In  the  first  prototype  a  3.2  x  6.4  mm 
litz  twisted  cable  constructed  of  7,  14  gage,  copper  wires 
was  chosen  to  be  used  with  24  turns  per  quadrant.  The 
resulting  current  was  5400  A  and  a  voltage  across  the  leads 
of  10.8  kV.  Thermal  modeling  (which  assumed  a  1.1  kW 
power  loss  in  the  conductors)  showed  a  temperature  gain 
from  outside  to  inside  of  about  40"C  and  a  maximum  inner 
conductor  temperature  of  bOT.  In  the  second  prototype  the 
stiffer  conductor  was  exchanged  for  a  more  flexible 
conductor  of  the  same  overall  cross  sectional  area,  so  as  to 
meet  the  more  stringent  bending  requirements  necessary 
for  improving  the  magnetic  field  quality.  The  ’’new"  cable 
is  a  litz  twisted  cabled  cable  constructed  of  7  bundles  of 


13  strands  of  26  gage  wire.  Although  the  overall  cross 
sectional  area  of  the  second  conductor  remained  the  same 
as  the  first,  the  actual  current  caring  area  of  the  cable  was 
reduced  by  20%,  causing  the  temperature  differential 
between  the  water  and  the  inner  cable  to  increase  to  55‘'C. 
The  inner  conductor  in  the  second  prototype  will  operate  at 
approximately  75"C. 

The  design  of  the  second  prototype  magnetic 
quadrupole  was  directed  towards  manufacturing  a  magnet 
with  the  field  quality  that  will  eventually  be  necessary  for 
focusing  a  beam  of  heavy  ions  in  a  linear  accelerator  from 
an  energy  of  5  MeV  to  10  MeV.  The  two  features  of  the 
previous  magnet  that  needed  improvement  were  the  path 
that  the  conductors  took  when  crossing  from  one  "race¬ 
track"  across  to  another,  and  removing  the  effective 
solenoid  loop  created  by  the  connection  of  the  cable  leads 
at  the  end  of  the  magnet.  See  figures  3  and  4.  The  "cross¬ 
overs"  of  the  leads  in  the  first  prototype  used  long  gentle 
curves  such  that  the  leads  made  a  "V"  shape  between  each 
of  the  race  track  grooves.  Each  "V"  of  the  conductor  can 
be  represented  as  an  equivalent  dipole,  which  is  an 
undesirable  addition  to  the  quadrupole  field  we  are  trying 
to  achieve.  In  order  to  remove  this  feature  we  rerouted  the 
cross  over  cables  such  that  they  make  an  "X"  between  the 
"race-tracks".  Due  to  the  geometry  of  the  coil  form,  the 
triangle  shaped  areas  formed  by  the  top  and  the  bottom  of 
the  "X",  which  represent  effective  dipoles,  could  not  be 
made  equal  in  area  to  each  other.  From  magnetic 
calculations  it  was  determined  that  up  to  a  40  square  mm 
total  difference  in  the  areas  between  the  top  triangular 
shaped  areas  and  the  bottom  triangular  shaped  areas,  could 
be  tolerated.  By  reducing  the  minimum  bending  radius  of 
the  cables  to  6.4  mm,  and  by  using  a  more  flexible  wire, 
we  were  able  to  meet  this  requirement. 


effective  dipole 
created  by  conductor 
cross-over. 


two  opposite 
effective  dipoles 


Mark  II 


Fig.  4  Changing  the  coil  winding  geometry  to  improve 
magnetic  field  quality. 

The  removal  of  the  solenoidal  loop  was  accomplished 
by  cutting  a  double  helical  groove  into  a  piece  of  Incite 
rod,  wrapping  the  cable  in  one  groove  all  the  way  to  one 
end,  maldng  a  "u-tum"  and  wrapping  the  cable  back  down 
the  second  groove.  The  whole  twisted  pair  was  then 
heated  up  and  wrapped  around  a  mandrel  so  that  it  could 
then  fit  around  the  end  of  the  magnet.  The  leads  from  each 
quadrant  would  then  be  spliced  into  the  twisted  pair  loop. 
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The  results  of  using  a  twisted  pair  loop  for  the  magnet 
leads  is  that  it  will  create  two  solenoids  of  opposite  sign 
twisted  around  each  other,  which  will  look  like  a  string  of 
very  small  dipoles  with  alternating  sign.  Neighboring 
dipoles  will  cancel  each  others  fields  out  in  a  very  short 
distance,  leaving  the  magnetic  field  region  in  the  center  of 
the  quadrupole  unaffected. 


multiplier  circuit  which  is  controlled  by  solid  state 
switches.  Once  the  desired  voltage  is  reached  ,  the 
switches  are  turned  off  by  the  comparator. 
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Fig.  6  Simplified  block  diagram  of  Pulsed  Quadrupole 
Magnet  System 


Fig,  5  Unwanted  Solenoid  Loop 

ELECTRICAL  DESIGN  AND  TESTING 

The  goal  of  the  electrical  engineer  is  to  provide  the 
drive  for  the  magnet  which  achieves  the  desired  physics 
parameters  with  the  simplest,  most  reliable  and  least 
expensive  power  source.  In  this  case,  a  current  of  5,400  A 
is  required  to  produce  2  Tesla.  The  Elise  beam  pulse 
duration  is  only  a  few  microseconds  at  a  repetition  rate  of 
one  Hertz,  Hence,  the  5,400  A  are  required  with  an 
accuracy  of  0.1%  for  the  same  beam  duration  and 
repetition  rate.  The  optimum  system  is  one  which  provides 
the  required  field  with  a  minimum  of  power  dissipated 
which  dictates  a  pulsed  magnet.  The  simplest  pulser  is 
one  which  provides  a  sinusoidal  waveform.  In  order  to 
maintain  a  constant  field  of  better  than  0.1%  for  5  jis,  a 
maximum  sinusoidal  half  period  of  200  |Lts  is  allowed.  This 
requirement  sets  an  upper  bound  on  the  driving  frequency, 
but  the  actual  optimum  is  determined  by  the  combined 
magnet  losses  which  consist  of  the  coil  losses,  the  yoke 
losses,  and  the  induced  losses  in  the  beam  pipe  and 
flanges  which  are  frequency  dependent.  Furthermore,  the 
beam  pipe  eddy  currents  must  not  cause  a  significant 
reduction  in  magnetic  flux  since  this  reflects  into  higher 
current  requirements  to  maintain  the  same  2  T  field. 

A  number  of  tests  were  performed  on  the  first  magnetic 
quadrupole  prototype.  A  broad  minimum  power 
requirement  was  found  at  a  frequency  of  1  kHz.  Since  the 
system  costs  are  determined  also  by  the  cost  of  the  power 
supply  and  associated  equipment,  it  was  decided  that  the 
period  of  500  \is  would  result  in  a  more  costly  power  supply 
due  to  the  need  of  twice  the  quantity  of  the  series  silicon 
controlled  rectifiers  (SCR’s)  for  witching  the  energy. 
Hence,  a  half  sinusoidal  period,  t^tcVLC,  of  1  ms  was 
chosen.  This  lower  frequency  yields  an  additional 
advantage  of  producing  a  lower  voltage  between  coil 
windings  resulting  in  higher  reliability.  This  period 
produced  an  ample  constant  field  during  beam  time  and 
was  well  within  the  di/dt  ratings  of  the  SCR’s. 

The  simplified  block  diagram  is  shown  on  fig.  6  The 
charging  power  supply  consists  of  a  six-stage  three  phase 


Since  the  discharge  period  has  been  chosen  and  the 
quadrupole  inductance  is  known,  the  power  system  can 
now  be  designed.  The  period  x  =  tcVLC  and  the  voltage 
V  =  IVL/C  .  By  substitution  we  find  that  C=200  |iF  and 
V=8,l  kV.  Allowing  for  cable  and  SCR  losses,  we  chose  a 
power  supply  charging  voltage  of  8.5  kV.  In  order  to 
achieve  higher  reliability  we  have  chosen  a  bipolar  power 
supply  of  ±4.25  kV  rather  than  a  unipolar  one  of  8.5  kV. 
This  reduces  the  voltage  from  the  pulsed  coil  to  ground 
insuring  higher  safety  factors  at  a  small  increase  in  cost  of 
the  power  supply.  The  total  energy  (E)  required  to 
establish  the  5.4  kA  is  E  =  CV^/2  =  7.2  kJ.  At  one  hertz, 
this  would  require  a  7.2  kW  charging  power  supply.  From 
fig.  7,  we  can  see  that  at  the  time  that  the  SCR  current  is 
cut-off,  28%  of  the  initial  energy  has  been  dissipated  in  the 
magnet  (including  a  1  nun  beam  pipe  and  the  yoke).  The 
remaining  energy  returns  to  the  capacitors  but  with  the 
wrong  polarity.  It  was  cost-effective  to  include  an  energy 
recovery  system  which  allowed  us  to  construct  a  charging 
power  supply  1/3  the  size  of  the  system  without  energy 
recovery.  The  inductor  and  diode  shown  on  fig.  6  recharge 
the  capacitor  in  the  proper  polarity  recovering  66%  of  the 
original  energy  as  shown  on  fig.  7.  This  magnet  was  pulsed 
for  45  minutes  at  one  Hertz  and  at  full  current.  The 
temperature  rise  was  well  within  the  calculated  values. 


Fig  7  Output  current  and  energy  recovery  waveforms 
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Abstract 

We  are  currently  constructing  a  prototype  quadrupole  electro¬ 
magnet  for  the  proposed  Induction  Linac  Systems  Experiment 
(ILSE)  at  LBL.  ILSE  will  address  many  physics  and  engineer¬ 
ing  issues  relevant  to  the  design  of  a  heavy-ion  fusion  driver 
accelerator.  The  pulsed  electromagnet  has  two  layers  of  cur¬ 
rent  windings  and  will  produce  a  field  gradient  exceeding  25 
T/m  at  a  repetition  rate  of  1  Hz  steady- state.  In  this  paper,  we 
discuss  how  the  interaction  of  various  concerns  such  as  maxi¬ 
mum  dynamic  aperture,  short  lattice  period,  field  quality,  iron 
yoke  weight,  heat  transfer,  and  voltage  standoff  have  led  to  our 
particular  design  choices.  We  also  present  2-  and  3-D  numer¬ 
ical  calculations  concerning  field  topography  and  the  results  of 
transport  simulations  of  space-charge  dominated  ion  beams  with 
ILSE  parameters. 


I.  INTRODUCTION 

The  great  bulk  of  the  beam  transport  in  heavy  ion  fusion 
(HIF)  drivers  will  be  done  with  strong-focusing,  magnetic 
quadrupoles.  In  many  driver  designs,  electrostatic  quadrupoles 
will  provide  focusing  from  the  ^2  MV  injector  to  approxi¬ 
mately  50-100  MV  at  which  the  transition  to  magnetic  transport 
is  made.  The  actual  transition  energy  depends  critically  upon  the 
maximum  transportable  current  by  the  magnetic  quadrupole  lat¬ 
tice  which  scales  as  (a/L)^  where  a  is  the  useful  dynamic 
aperture,  L  is  the  half-lattice  period,  and  V  is  the  beam  energy. 
Thus,  in  the  low  energy  portion  of  the  magnetic  transport  sec¬ 
tion,  there  is  a  premium  for  maximizing  the  aperture  ratio. 

In  the  past  few  years,  the  LBL  HBF  group  has  developed  a 
conceptual  design  for  the  10-MV  ILSE  (“Induction  Systems 
Linac  Experiment”)  accelerator  which,  if  and  when  fully  funded 
by  a  presently  parsimonious  DOE,  will  allow  examination  of 
many  physics  and  engineering  issues  common  to  HIF  drivers. 
As  part  of  this  effort,  we  have  designed  and  are  currently  build¬ 
ing  the  latest  iteration  of  a  large  aperture,  short  lattice  period, 
pulsed  electromagnet  prototype  to  be  used  in  the  5-10  MV  mag¬ 
netic  transport  section  of  ILSE.  The  magnet  must  operate  de¬ 
pendably  at  a  continuous,  1-Hz  repetition  rate  and  transport 
«  1  —  1.5/iC/m  of  a  space-charge  dominated  beam  with 
minimal  emittance  degradation.  In  the  remainder  of  this  paper, 
we  discuss  the  design  philosophy  and  tradeoffs  that  have  deter¬ 
mined  our  particular  choices  for  this  magnet. 

*This  work  was  supported  by  the  Director,  Office  of  Energy  Research,  Office 
of  Fusion  Energy,  U.S.  Department  of  Energy,  under  Contract  No.  DE-AC03- 
76SF00098 


II.  BASIC  BEAM  AND  MAGNET  PARAMETERS 

As  presently  conceived,  the  ILSE  injector  will  produce  four 
individual  beams  of  ~  0,2//C/m  line  charge  density  which  will 
be  accelerated  by  induction  cores,  slowly  compressed  longitu¬ 
dinally  to  perhaps  as  much  as  0.3/iC/m,  and  transported  via 
electrostatic  quadrupoles  up  to  5  MV  energy.  At  this  point, 
the  beams  will  be  combined  and  merged  into  one  single  beam 
and  then  transported  magnetically  to  the  beam  dump.  The  half¬ 
lattice  period  L  increases  in  the  electrostatic  transport  region 
from  0.25  m  to  0.40  m  and  the  present  beam  combiner/merger 
design  has  L  «  0.5  m. 

For  a  strongly  space-charge  dominated  beam  (a  <C  (Tq), 

( ^  ^ 

\L/  (1— cos  (To)  AtTCoV 

where  Q  is  the  beam  perveance,  and  a  and  (To  are  respectively 
the  undepressed  and  space-charge  depressed  phase  advance  per 
full  lattice  period  2L.  If  «  72^  at  5  MV  and  A  =  1.5/iC/m, 
the  perveance  is  2.7  x  10"^  and  the  required  a^/L  is  less  than 
0.1.  Although  this  seems  to  be  a  comfortably  small  number,  in 
fact  due  to  longitudinal  “packing  factor”  constraints  induced  by 
the  space  required  for  the  accelerating  gap,  insulators,  couplers, 
etc.  ,  the  magnet  windings  in  the  latest  ILSE  prototype  design 
occupy  only  about  one-half  of  the  half-lattice  period.  Hence, 
the  ratio  of  the  winding  radius  to  the  effective  length  exceeds 
0.2  and  one  must  be  careful  to  minimize  anharmonic  fringe  field 
and  higher  order  multipole  components. 

The  required  field  gradient  may  be  roughly  estimated  from 
the  relation 


where  is  measured  in  T/m  and  we  presume  that  the  field  is 
dominated  by  the  fundamental  longitudinal  harmonic.  For  5  MV 
K+\L  =  0.5  m  and  (To  =  72^^,  the  required  gradient  is  about 
18  T/m. 

A.  Current  Winding  Geometry 

To  minimize  anharmonic  field  components,  we  follow  the 
philosophy  of  Laslett  et  aL[l]  and  make  such  components  disap¬ 
pear  in  the  2:-integrated  sense  over  a  half-lattice  period.  Ignor¬ 
ing  for  the  moment  tum-to-tum  crossovers,  Our  actual  coil  ends 
have  elliptical  projections  in  z)  space  (see  Fig.  1  of  ref.  [2]), 
a  geometry  that  avoids  sharp  bends  for  the  individual  wires.  In 
order  to  limit  the  current  per  turn  to  5  kA  or  less,  the  magnet  has 
two  layers  of  twelve  turns  each.  Ideally,  the  end  curve  of  each 
turn  would  be  individually  separated  in  from  its  neighbors  (this 
allows  one  to  suppress  the  maximum  number  of  unwanted  har¬ 
monic  overtones  in  0)  but  in  practice  we  found  it  necessary  to 
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Figure  1 .  Artist' s  depiction  of  the  projected  coil  turn  geometry 
of  the  quadrupole  magnet  prototype. 


Figure  2.  2D  POISSON  results  showing  the  field  line  topology 
in  the  r  ^  plane  of  an  octant  of  the  quadrupole  magnet  plus 
iron  yoke.  The  midplane  field  gradient  at  r  =  0  was  26.5  T/m. 
The  peak  field  in  the  iron  yoke  is  1.5  T/m. 


Figure  3.  HIFl  simulation  code  results  for  emittance  growth, 
normalized  to  the  initial  value  of  sm  =  57rmm-mrad,  over  24 
m  of  magnetic  transport  of  a  1.5  /iC/m  beam  at  do  =  72® 
and  (7  =  7®.  The  solid  curve  refers  to  the  x  —  plane  and  the 
dashed  curve  to  the  y  -  i/  plane. 


ily  to  investigate  thermal  heat  dissipation,  we  had  not  paid  care¬ 
ful  attention  to  either  the  geometry  of  the  wire  crossovers  from 
one  block  to  another  (which  caused  net  dipole  current  loops) 
nor  the  presence  of  a  solenoidal  loop  caused  by  the  azimuthal 
advance  of  the  wire  leads  leaving  one  quadrant  and  entering  an¬ 
other.  In  our  current  design,  we  have  carefully  created  “X”- 
shaped  crossovers  (see  Fig.  1)  when  projected  on  the  ^  ~  ^ 
plane  whose  net  dipole  area  is  less  than  0,5  cm^  for  each  layer 
of  each  quadrant.  We  have  also  returned  the  exiting  wire  lead 
of  the  fourth  quadrant  back  the  “long  way”  azimuthally  to  the 
first  quadrant  in  order  to  eliminate  the  solenoidal  loop  problem. 
Hence,  we  expect  a  much  higher  quality  magnetic  field  when  we 
make  detailed  measurements  of  this  magnet  over  the  next  year. 


distribute  the  12  turns  in  each  layer  into  5  individual  “blocks” 
in  a  4-3-3-1-1  pattern  (see  Fig.  1)  to  obtain  sufficient  spacing 
for  the  cutting  tool  in  9  between  adjoining  blocks  (and  adjacent 
quadrants). 

From  “engineering”  constraints  (see  §IIB  and  IIC  discussion), 
the  iron  yokes  of  adjoining  magnets  must  be  separated  approxi¬ 
mately  13  cm  in  z.  We  have  also  specified  that  each  end  of  the 
yoke  should  extend  approximately  one  wire  radius  (8.5  cm)  in 
2:  beyond  the  outermost  coil  wire  in  order  to  confine  the  fringe 
fields  in  Hence,  the  maximum  z-length  of  each  coil  is  thus 
w  30  cm  for  /  =  60  cm.  Setting  the  .sr— extent  (2.0  cm)  of  the 
curve  of  each  coil  block  end,  the  ar—separation  (1.0  cm)  between 
adjoining  blocks,  and  the  wire  diameter  (0.32  cm  for  our  partic¬ 
ular  braided  copper  choice),  the  total  ;2r  length  of  each  block  and 
its  individual  wires  is  fully  determined.  The  azimuthal  posi¬ 
tions  of  each  block  are  then  found  numerically  by  forcing  the 
integrated  harmonic  overtones  to  zero  (see  ref.  [3]  for  de¬ 
tails). 

In  our  previous  prototype  which  had  been  constructed  primar- 


We  have  done  a  series  of  POISSON  and  TOSCA  calculations 
to  examine  the  effects  of  the  iron  yoke  upon  the  magnetic  field. 
The  2D  POISSON  runs  (Fig.  2  shows  the  output  from  one  ex¬ 
ample)  suggest  that  at  field  gradients  <  26.5  T/m  the  maximum 
B-field  strength  in  the  yoke  remains  below  1.5  T  and  saturation 
effects  are  minimal.  We  are  particularly  concerned  with  satura¬ 
tion  (which  will  he  due  to  the  dominant  quadrupole  component) 
destroying  the  2r-integrated  cancellation  of  higher  harmonics  (in 
particular  the  dodecapole)  within  each  half-lattice  period.  The 
3D  TOSCA  runs  indicate  that  field  gradients  of  up  to  28.6  T/m 
at  the  magnet  center  in  2:  are  possible  with  minimal  field  leakage 
(<  10  G)  radially  outside  the  iron  yoke.  When  the  95%  pack¬ 
ing  fraction  of  the  iron  laminations  is  included  in  the  TOSCA 
runs,  field  gradients  of  up  to  26  T/m  appear  to  be  safe.  Both 
codes  show  that  the  yoke  enhances  the  interior  quadrupole  field 
gradient  by  approximately  20%,  The  effective  length  of  the 
quadrupole  component  is  0.24  m;  without  enhancement  from 
the  iron  yoke,  a  field  gradient  of  19.5  T/m  (corresponding  to 
4.2  kA  wire  current)  is  required  for  —  72®  at  5  MV. 
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B.  Iron  Yoke  Design 

The  iron  yoke  enclosing  the  current  windings  and  the  beam 
pipe  serves  a  number  of  purposes.  First,  it  minimizes  magnetic 
fringe  fields  from  extending  greatly  in  or  r  and  interfering  ei¬ 
ther  with  the  beam  transport  or  the  induction  core  material  (and 
vice  versa).  It  also  mechanically  confines  the  windings  and  pre¬ 
vents  their  expansion  and  distortion  under  the  magnetic  stresses. 
Finally,  it  also  provides  a  fiducial  for  mechanical  alignment  and 
adjustment. 

In  designing  the  yoke,  the  two  major  requirements  were  first 
to  make  sure  that  we  had  a  sufficient  amount  of  iron  at  a  great 
enough  distance  from  the  conductors  such  that  the  iron  will  not 
saturate  during  pulsed  operation,  thus  adversely  effecting  the 
quality  of  the  magnetic  field,  and  secondly  to  minimize  the  ef¬ 
fective  outer  diameter  of  the  yoke  once  the  inner  diameter  had 
been  fixed  due  to  the  magnetic  saturation  concerns. 

Minimizing  the  effective  outer  diameter  of  the  yoke  reduces 
the  weight,  making  suport  and  articulation  easier,  but,  more  im¬ 
portantly,  it  also  reduces  the  inner  diameter  of  the  induction 
cores  which  surround  the  magnet.  The  annular  shaped  induc¬ 
tion  cores  have  a  fixed,  required  cross  sectional  area.  Hence, 
choosing  a  larger  I.D.  for  the  cores  leads  to  greater  volume  and 
cost.  In  order  to  minimize  the  effective  diameter  in  our  sec¬ 
ond  prototype,  we  changed  the  material  of  the  yoke  to  low  car¬ 
bon  steel  which  has  a  higher  saturation  induction  of  2.08  T  as 
compared  to  1.96  T  for  the  3%  silicon  steel  used  in  a  prototype 
previously  constructed.  We  also  changed  the  originally  square 
cross  section  of  the  yoke  to  an  irregular  octagon  by  cutting  off 
the  "comers”  of  the  square  yoke  and  checking  for  saturation  ef¬ 
fects  with  the  POISSON  code.  We  chose  an  inner  yoke  radius 
of  12.13  cm  which  is  large  enough  to  allow  the  magnetic  fields 
to  fall  off  by  more  than  a  factor  of  two  from  their  values  at  the 
current  windings  but  not  so  large  as  to  increase  magnetic  core 
costs  significantly.  Taken  together,  these  modifications  reduced 
the  effective  outer  yoke  radius  by  3  cm  which  translates  into  a 
projected  savings  of  «  250K$  on  the  magnetic  quadrupole  fo¬ 
cusing  section  for  ILSE. 

C.  Mechanical  Design  Details 

In  order  that  the  magnets  be  powered,  have  their  heat  dissi¬ 
pated  safely,  and  the  beam  actually  be  accelerated,  a  number  of 
elements  must  be  placed  between  adjoining  magnets.  In  particu¬ 
lar,  electrical  insulators  made  of  98%  alumina  with  field  grading 
rings  are  necessary  to  prevent  electrical  breakdown  in  the  accel¬ 
erating  fields  produced  by  the  induction  cores.  These  insulators 
occupy  «  80%  of  the  required  intermagnet  gap.  The  gap  also 
includes  0-ringed  flanges  and  bellows  to  support  the  insulators 
and  magnets,  water  pipes  for  the  required  magnet  cooling  water 
3GPM),  and  insulated  electrical  leads  (10  kV  required  for 
5.4  kA  current).  Fortunately,  many  of  the  components  can  be 
made  re-entrant  with  the  iron  yoke  to  reduce  the  required  inter- 
magent  separation. 

III.  PARTICLE  SIMULATION  CODE  STUDIES 

We  have  used  the  2D  particle  simulation  code  “HIFI”  [3] 
to  model  the  transport  dynamics  of  a  1.5/iC/m  space-charge 
dominated  5-MV,  beam  through  24  m  of  magnetic  trans¬ 


port  without  acceleration  gaps.  The  magnetic  fields,  comprised 
of  the  quadrupole,  dodecapole,  pseudo-octupole,  and  pseudo- 
dodecapole  components,  were  taken  from  a  3D  field  solution 
which  does  not  include  the  effects  of  the  iron  yoke.  The  peak 
field  gradient  at  the  center  of  each  magnet  was  set  to  19.5  T/m 
giving  an  undepressed  phase  advance  (To  of  72  degrees  per  lat¬ 
tice  period.  The  normalized  edge  emittance  of  the  beam  was  set 
to  Stt  mm-mrad  which  gave  to  a  space-charge  depressed  tune  cr 
of  approximately  7  degrees.  The  beam  was  initialized  with  a 
KV  distribution  in  transverse  phase  space  which  led  to  a  maxi¬ 
mum  beam  envelope  extent  of  69  mm  as  compared  with  a  pre¬ 
sumed  beam  pipe  radius  of  75  mm.  Over  the  20  lattice  periods, 
no  simulation  particles  were  lost  and  the  emittance  growth  was 
of  order  5%  or  less.  Consequently,  we  are  confident  that  if  the 
magnet  performs  according  to  design  it  will  be  able  to  transport 
the  specified  beam  line  charge  without  serious  degradation. 
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We  present  a  design  for  a  Rare-Earth  Permanent  Magnet 
end  dipole  magnet  for  our  70  MeV  mobile  Race-Track 
Microtron.  We  review  the  properties  of  these  magnetic 
materials,  describe  the  optimal  magnetic  circuit 
configuration  and  our  choice  of  magnet  parameters,  and 
propose  a  method  to  form  and  tune  the  magnetic  fringe  field. 

I.  Introduction 

A  new  class  of  rare-earth  magnetic  materials  have 
opened  a  new  chapter  in  permanent  magnet  technology.  To 
date  Rare-Earth  Permanent  Magnet  accelerator  applications 
have  been  confined  to  small  aperture  quadrupoles,  ring 
dipoles,  and  undulators  [1,2].  Encouraged,  we  have 
designed  an  electron  recirculator  dipole  magnet  for  our  70 
MeV  mobile  Race-Track  Microtron  [1]. 

Three  rare-earth  transition  metal  magnets  are  produced 
commercially,  all  of  which  have  extremely  large  coercitivity 
and  maximum  energy  product  as  seen  in  Table  I. 

TheB  vs.  H  hysteresis  diagram  of  these  materials  shows  that 
B-H  coordinates  are  nearly  linear  in  the  second  quadrant, 
(BH)”^  lying  at  the  center  and  the  return  path  following  the 
hysteresis  profile.  Thus,  a  REPM  is  demagnetized  neither  by 
external  fields  nor  by  disassembly/assembly,  a  useful 
practical  property.  REPM  anisotropy  is  described  by 


By  -  Br  +  |io  |X||  H|| 
and 

Bx  =  |io  Hi , 


where  the  directional  indices  are  with  respect  to  the  preferred 
field  orientation,  the  so-called  ease  axis.  Since  |ij|  and  |Lix  are 
unity  a  REPM  does  not  concentrate  external  magnetic  flux  in 
its  body. 


Table  I. 

Some  REPM  material  parameters. 


He 

(kOe) 

(MGOe) 

SmCos 

7.8 -9.0 

20  -22 

Sm2Coi7 

8.2-10.0 

25-27 

Nd2Fei4B 

9.2-11.4 

35-40 

IL  Magnetic  Circuit  Configuration 

The  three  principal  bending  magnet  magnetic  circuits 
depend  on  the  REPM  placement  as  seen  in  Fig.  1.  In  the 
first,  the  REPM  flux  is  transported  to  the  gap  by  a  steel  yoke 
and  pole  ferrules.  In  the  second,  the  REPMs  are  placed  in 
center  of  the  yoke,  while  in  the  third  case  the  REPMs  are 
placed  adjacent  to  the  gap.  The  magnetic  flux  in  the  gap, 
d>g,  depends  on  the  REPM  location,  no  isolators  being  in  the 
magnetic  circuit,  and  the  accompanying  parasitic  fringe  flux. 
Therefore,  the  total  REPM  flux,  Ot,  is  the  sum  of  the  useful 
flux,  Og,  and  the  parasitic  flux  which  is  approximately  the 
sum  of  the  flux  between  the  a  magnetic  circuit  elements,  Oa, 
between  the  b  elements,  Ob,  and  between  the  ends  of  element 
c,  Oc.  A  REPM  usage  quality  is  defined  by  its  disperse 
coefficient. 


a  =  Ot/Og  =  1  +  (Oa  +  Ob  +  Oc)/Og . 


Fig.  1.  Bending  magnet  configurations. 

The  flux  coupling  the  magnetic  circuit  elements  is 
proportional  to  the  magnetic  potential  difference  between 
these  elements.  For  configuration  [a]  these  differences  are 
largest  for  elements  a-a  and  b-b,  so  Oa  and  Ob  are  large.  For 
configuration  [c]  the  magnetic  potential  difference  between 
elements  a-a  and  b-b  is  zero,  and  so  the  REPM  is  better  used 
here  than  in  configuration  [a]  as  only  one  the  parasitic  flux, 
Oa,  is  present  in  contrast  to  three  -  Oa,  Ob,  and  Oc  in  [c]. 
Intermediate  is  configuration  [bj.  The  calculated  relative 
gap  induction  ratio,  [a]/[b]/[c],  is  0.45/0.75/1.0.  Thus,  the 
optimum  circuit  configuration  for  our  RTM  end  bending 
magnets  is  approximated  by  configuration  [c]. 
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III.  Optimal  Magnet  Parameters 

The  magnet  working  point  is  usually  near  so  the 

total  REPM  thickness,  h,  of  C-type  magnet  pole  pieces  is 
approximately  equal  to  the  gap  height,  g,  which  produces  a 
gap  magnetic  field,  Bg,  of  |ioHo/2  -0.5  T,  obtainable  with 
minimal  REPMs  quantity.  However,  for  our  RTM  bending 
magnets  this  result  may  be  not  optimal  since  Bg  may  require 
that  the  magnet  dimensions  and  weight  be  as  small  as 
possible. 


requires  larger  and  heavier  magnets.  If  Bg  is  increased  the 
energy  gain  per  turn  will  increase  proportionally,  while  if  Bg 
is  decreased  more  RTM  orbits  will  be  required  for  the  same 
output  energy,  thus  complicating  beam  focusing  and 
increasing  the  linac  current  load.  So  for  our  mobile  70  MeV 
RTM  [4]  we  chose  Bg  =  0.9  T  requiring  a  REPM  volume  of 
-0.0145  m^ ,  gap  height  of  20  mm,  and  pole  face  area  of  60 
X  32  cm^. 

IV.  Magnet  Fringe  Field  Shape 


Fig.  2.  Bg  dependence  on  the  REPM  thickness-gap  height 
ratio,  h/g  for  He  =  10.8  kOe  and  (BH)"^  =  31.3  MGOe. 

Our  simulated  [3]  RTM  magnet  gap  field  dependence  on 
the  total  REPM  thickness  is  shown  in  Fig.  2.  The  REPM 
volume  is  hAp,  where  Ap  is  pole  face  area  is  defined  by  the 
radius  of  last  microtron  orbit,  -1/Bg.  Thus,  the  V(Bg)A^o 
dependence  on  h/g,  where  Vq  is  the  REPM  volume  with  h  = 
g  can  be  calculated.  Fixing  the  RTM  output  energy,  the 
magnetic  induction  in  the  steel  magnet  parts,  and  Bg  =  Bo,  if 
Bg  is  decreased  then  pole  dimensions  and  the  magnetic  flux 
are  increased  by  1/Bg  and  end  magnet  weight  also  increases. 


Bg(T) 


Fig.  3.  Magnet  weight  and  REPM  volume  dependence  on 


The  REPM  volume  and  end  magnet  weight  dependence 
on  Bg  are  shown  in  Fig.  3,  where  Wo  is  weight  of  a  magnet 
with  Bg  =  1  T.  The  choice  of  Bg  is  a  compromise  which 
defines  the  total  magnet  cost.  A  small  RTM,  energy  10-20 
MeV,  will  be  relatively  light  and  cheap  with  an  optimal  Bg  of 
0.6-0.8  T.  A  50-100  MeV  RTM  acceptable  gap  field 


The  RTM  bending  magnet  fringe  field  is  strongly 
defocusing  requiring  a  special  reverse  direction  fnnge 
magnetic  field  to  obtain  stable  vertical  oscillations  [5].  This 
in  turn  reduces  the  orbit  diameter  requiring  a  complicated 
reverse  direction  acceleration  system  to  allow  the  beam  to 
clear  the  linac.  After  the  first  linac  passage  the  end  magnet 
fringe  field  focuses  the  beam.  Thus,  the  beam  optics  and 
trajectory  geometry  must  be  solved  simultaneously  requiring 
an  appropriate  fringe  field  configuration  in  the  design  stage 
and  a  careful  accelerator  tuning  procedure  in  the  operational 
stage.  The  effective  orbit  diameter  depends  on  the  distance 
between  the  main  bending  field  region  and  the  reverse 
direction  field  which  in  conventional  RTM  bending  magnets 
is  formed  by  adding  steel  poles  and  coils  located  a 
considerable  distance  from  the  main  poles  to  avoid 
unacceptably  distorting  total  fringe  field. 

We  use  the  anisotropic  REPM  properties  to  construct  a 
fringe  field  with  reversed  magnetization  direction.  Since 
each  REPM  element  is  magnetically  independent  an 
additional  REPM  element  may  be  placed  close  to  the  main 
REPM  segment  thus  reducing  the  reverse-main  field  distance 
while  increasing  the  first  orbit  diameter.  By  using  a  narrow 
axially  asymmetry  linac  [6]  we  obviate  our  original 
complicated  first  orbit  loop  geometry.  Moreover,  using 
REPMs  decouples  the  problem  of  stable  transverse  motion 
from  that  of  trajectory  geometry  allowing  an  optically  better 
fringe  field  configuration  to  be  found.  Thus,  our  REPMs 
simplify  accelerator  tuning  while  improving  the  beam 
parameters. 


Fig.  4.  Magnetic  circuit  end  configuration:  1  -  added  REPM 
units  and  2  -  movable  steel  elements. 
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The  additional  reverse  magnetization  REPM  elements, 
shown  in  Fig.  4,  define  the  fringe  magnetic  field  distribution. 
By  varying  the  geometry  of  these  elements  we  found  a  fnnge 
field  shape  which  allows  the  first  orbit  diameter  in  our 
mobile  70  MeV  RTM  to  increase  to  40  mm  and  still  have 
sufficient  focusing  power.  To  shape  the  fringe  field  we  place 
simple  movable  steel  elements  near  the  magnet  end.  These 
elements  change  the  air  gap  dimensions,  5,  and,  thus, 
magnetic  circuit  parameters  and  the  reverse  field  amplitude. 
An  increase  in  8  from  zero  to  5  mm  decreases  the  reverse 
field  amplitude  by  15%. 

V.  Conclusions 

The  large  REPM  magnetization  energy  and  anisotropic 
properties  allow  us  to  obtain  magnetic  gap  induction  with 
which  to  shape  better  fringe  fields  than  we  achieved  with 
conventional  electromagnets.  Furthermore,  a  RTM  with 
REPM  bending  end  magnets  no  longer  requires  magnet 
coils,  (other  than  small  correcting  coils),  their  power 
supplies  and  cooling  equipment.  This  results  in  reduced 
total  accelerator  power  consumption,  simplified  construction 
and  servicing,  a  streamlined  control  system,  enhanced 
overall  operational  reliability,  and  reduced  space 
requirements.  Important  additional  advantages  accrue  to 
mobile  RTMs,  for  example,  serving  as  a  light  source  to 
detect  explosives  in  buried  military  munitions  and  land 
mines  [7]. 

We  express  our  appreciation  to  Klaus  Halbach  for 
pioneering  REPM  accelerator  applications  and  for  his 
generous  help  in  initiating  us  to  this  field,  and  to  V.S. 
Skachkov  for  general  disscussion  of  REPM  implimentation. 
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Abstract 

Biplanar  arrays  of  N  rectangular  permanent  magnet  (PM) 
blocks  can  be  used  to  generate  high  quality  N-pole  fields  in 
close  proximity  to  the  array  axis.  In  applications  featuring 
smalLdiameter  charged  particle  beams,  N-poles  of  adequate 
quality  can  be  realized  at  relatively  low  cost  using  small 
volumes  of  PM  material.  In  this  paper  we  report  on  recent 
measurements  performed  on  planar  PM  multipoles,  and  discuss 
techniques  for  improving  the  field  quality  of  such  devices  at 
distances  appreciably  far  away  from  the  axis.  Applications  to 
hybrid/PM  insertion  device  designs  for  linac-driven  Free 
Electron  Laser  (FEL)  operation  in  the  x-ray  range  are 
described. 


1.  INTRODUCTION 

In  recent  years,  the  development  of  a  novel  class  of  PM 
multipole  (N-pole)  field  generators  has  been  initiated  [1,2]. 
The  basic  construction  principle,  illustrated  in  Fig.  1,  is  to 
arrange  N  rectangular  PM  pieces,  magnetized  with  the  easy 
axis  perpendicular  to  two  opposed  faces,  into  a  biplanar  array 
with  N/2  pieces  per  plane.  In  general,  while  the  pieces  in  each 
quadrant  of  the  x-y  plane  can  have  arbitrary  dimensions,  x- 
placements,  and  magnetizations,  the  overall  structural  and 
field  geometries  possess  symmetry  with  respect  to  the  y-z  and 
x-z  planes,  and  the  normal  convention  is  to  have  each  of  the 
two  sets  of  magnet  surfaces  closest  to  the  x-z  plane  be 
coplanar.  If  we  postulate  an  ideal  N-pole  generator  to  be  a 
structure  with  N-fold  rotational  symmetry  [3],  the  essential 
concept  of  planar  PM  multipoles  is  seen  to  be  based  on  the 
reduction  from  N-fold  to  2-fold  rotational  symmetry.  This 
reduction,  while  allowing  the  design  and  fabrication  of  N-poles 
with  fully  open  horizontal  apertures  and  configurations  of 
utmost  economy  and  simplicity,  incurs  the  penalty  that  the 
field  away  from  the  axis  develops  a  much  higher  multipole 
content  than  an  "ideal"  structure  with  N-fold  (N>2)  rotational 
symmetry.  In  the  following  sections,  selected  theoretical  and 
experimental  aspects  of  planar  PM  multipole  field  distributions 
are  reviewed  and  possible  applications  to  FEL  insertion  device 
design  are  considered. 

11.  PLANAR  PM  MULTIPOLE  FIELDS 

The  entire  class  of  planar  PM  multipoles  can  be  grouped 
into  two  families:  1)  N=4n;  and  2)  N=4n-2;  where  ne  { 1,2,,. }. 


*  Supported  in  part  by  DOE  Offices  of  Basic  Energy  Sciences  and 
High  Energy  and  Nuclear  Physics  and  Department  of  Energy  Contract 
DE-AC03-76SF0015. 
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Figure  1.  Planar  PM  multipoles  composed  of  pieces  of  equal  height 
(h),  with  no  lateral  spacing  between  pieces.  Symmetry  axis  (z 
axis),  along  which  all  the  PM  pieces  have  equal  length  L,  is 
perpendicular  to  the  page. 

Thus,  the  first  family  includes  the  quadrupole  (quad),  octupole, 
dodecapole,  etc.,  and  the  second  family  includes  the  dipole, 
sextupole,  decapole,  etc.  For  each  family,  the  corresponding 
magnetic  scalar  potential  (for  L»g)  in  the  vicinity  of  the 
symmetry  axis  can  be  approximated  by  a  real  Taylor  series 
expansion  as  follows: 

04^  =  C^^xy  +  E^^ixy^  -  x^ y)  +  0^5(3^^^  -  lOx^y^  +  3x^ y)  + ... ;  (1) 
and 

04^_2  =  ^Q^y  +  D^^i3x^y  -  y^)  ^  F^^iSx'^y  -  lOx^y^  +  y^) -f ...;  (2) 

where  the  subscripted  capital  coefficients  are  functions  of  the 
PM  parameters.  To  configure  a  given  N-pole,  the  dimensions, 
spacings,  and  magnetizations  of  the  N  pieces  must  be  designed 
to  eliminate  all  the  multipole  coefficients  lower  than  the 
desired  leading  N-pole  coefficient.  As  formulas  (1)  and  (2) 
explicitly  indicate,  the  field  of  each  such  N-pole  will  not  only 
exhibit  its  leading  N-pole  coefficient,  but  will  also  contain  an 
infinitude  of  higher-pole  terms  with  strengths  proportional  to 
increasing  integral  powers  of  distance  (R)  from  the  z  axis. 

To  illustrate,  the  configuration  of  a  planar  PM  sextupole 
(leading  coefficient  D21)  demands  the  establishment  of  Boi=0, 
which  in  general  can  be  used  to  help  determine  the  relative 
dimensions  and/or  magnetizations  of  the  PM  pieces  [2],  To 
illustrate  an  example  of  the  higher  multipole  content  associated 
with  a  general  N-pole,  a  measured  rotating-coil  spectrum  [4]  of 
a  SmCo  quadrupole  (see  Fig.  1,  top  right)  is  shown  in  Fig.  2. 
The  measured  peaks  agree  to  better  than  0.5%  with  the 
corresponding  amplitudes  calculated  with  a  computer  code 
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PLANAR  PM  (SmCo)  QUADRUPOLE  SPECTRUM 
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Figure  2.  Rotating-coil  planar  PM  quadrupole  spectrum.  Coil 
parameters:  50  turns;  dimensions  1  cm  x  2  mm.  The  peaks  at  odd 
multiples  of  30  Hz  stem  from  coil  axis  misalignments. 

written  to  simulate  both  the  planar  multipole  fields  and  the 
rotating  coil  apparatus. 

III.  APPROACHES  TO  PLANAR  MULTIPOLE 
FIELD  QUALITY  IMPROVEMENT 

Theoretically,  it  is  well  known  that  N-fold  rotationally 
symmetric  multipoles  generating  a  single  N-pole  field 
component  can  be  closely  approximated.  This  is  accomplished 
by  shaping  the  (equipotential)  pole  surfaces  to  make  the 
variable  coefficient  in  the  desired  N-polar  potential  term  equal 
to  a  constant  along  the  pole  contour.  In  general,  this  implies 
that  the  elimination  of  all  but  the  N-polar  term  requires  pole 
contours  of  infinite  extent.  With  infinite  contours,  for  example, 
the  ideal  quadrupole  and  sextupole  potentials  would  be^iven, 
respectively,  by  <l>^  =  C^xyand  0^  =D2i(3x  y-y  ).  In 
practice,  of  course,  all  pole  contours  must  be  finite,  which 
results  in  a  non-vanishing  set  of  higher-pole  field  components 
in  practical  structures.  Notwithstanding  this,  in  a  well-designed 
4-fold  rotationally  symmetric  quad  the  total  field  energy  in  the 
higher-pole  field  components  can  be  made  typically  less  that 
10”^  of  that  in  the  leading  component  in  regions  proximate  to 
the  symmetry  axis  [5]. 

By  contrast,  the  freedom  of  adjusting  the  parameters  of 
planar  PM  multipoles  to  attain  a  comparable  degree  of  field 
purity  is  seen  to  be  severely  limited.  Specifically,  the  shapes  of 
the  PM  pieces  (all  rectangular  cross  sections)  cannot  be 
modified,  forcing  all  equipotential  surfaces  to  be  planar. 
Secondly,  confinement  to  a  plane  prevents  the  rotation  of  the 
pieces  as  a  means  of  approximating  to  a  curved  2-dimensional 
equipotential  contour.  Under  these  constraints,  the  principal 
means  of  improving  the  field  quality  has  to  be  associated  with 
the  adjustable  degrees  of  freedom  of  the  planar  PM  multipole, 
namely,  the  number,  dimensions,  x-placements,  and 
magnetizations  of  the  PM  pieces.  Approaching  the  problem 
from  this  perspective,  eq's.  (1)  and  (2)  immediately  suggest  a 
systematic  way  of  enhancing  the  field  quality  of  a  planar  PM 


N-pole;  namely,  by  the  successive  removal  of  its  higher-pole 
field  components. 

The  basic  principle  behind  this  approach  is  illustrated  in 
Fig.  3.  For  an  optimized  planar  PM  quad  with  the  field 
spectrum  shown  on  the  top  left  side,  the  octupole  component 
can  be  nulled  by  centering  a  planar  PM  octupole  whose 
leading  field  component,  Oq,  is  equal  and  opposite  to  the 
quad’s  octupole  component,  Oq,  over  the  symmetry  axis  of  the 
quad.  We  note  that  since  the  potential  is  given  by  the  same 
canonical  form  for  each  structure  (viz.,  by  eq.  (1)),  making 
Oo=-Oq  will  null  the  octupole  component  (E13  in  our 
notation)  for  all  values  of  R.  Due  to  the  operative  principle  of 
linear  superposition,  all  the  higher-pole  components  of  the  PM 
octupole  will  also  tend  to  subtract  from  the  corresponding 
higher-pole  components  of  the  quad. 
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Figure  3.  Linear  superposition  of  planar  PM  octupole  and  quadrupole 
rotating-coil  spectra  as  a  means  of  nulling  the  octupole  component  in 
the  combined  structure,  fo  is  the  coil  rotation  frequency. 


This  procedure  can  be,  of  course,  repeated  to  eliminate  the 
next  higher  (dodecapole)  component  of  the  combined 
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Figure  4.  Planar  PM  quadmpole  structure  with  nulled  octupole  and 
dodecapole  field  components. 

quad+octupole  structure  (see  Fig.  4).  Further  repetition  can  be 
used  to  successively  remove  as  many  of  the  higher  multipole 
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components  as  desired.  Clearly,  the  extirpated  field 
components  do  not  have  to  be  adjacent  to  any  other  nulled 
component,  but  can  be  arbitrarily  located.  Consequently,  the 
same  method  can  be  used  to  purify  the  field  of  any  planar  PM 
N-pole.  Of  course,  practical  considerations  will  limit  the 
number  of  field  components  that  can  be  nulled  in  this  fashion, 
but  the  important  result  is  that  even  with  the  planar  PM  N- 
pole's  reduced  symmetry,  it  is  theoretically  possible  to  make  its 
field  approximate  -  as  closely  as  desired  -  that  of  an  ideal  (N- 
fold  rotationally  symmetric)  structure.  It  is  easy  to  show  that  if 
an  individual  PM  multipole  is  used  for  each  cancellation,  the 
total  number  of  PM  pieces  required  for  a  quad  with  m 
successively  nulled  next-higher  components  would  be 
4+6m+2m2,  and  the  corresponding  number  of  pieces  for  a 
sextupole  would  be  6+8m+2m^ . 

IV.  APPLICATIONS  TO  X-RAY  PEL  DESIGN 


also  be  considered  for  use  in  much  lower-energy  FELs  with 
substantially  smaller  emittances  (i.e.,  bigger  beams). 

V.  SUMMARY 

More  general  discussions  of  the  properties  and  various 
other  applications  of  planar  PM  N-poles  can  be  found  in  the 
cited  prior  literature  .  For  FEL  applications,  rigorous  modeling 
has  been  found  to  support  the  effectiveness  of  using  planar  PM 
N-poles.  Application  of  the  field-improvement  techniques 
outlined  above  should  enable  improved  planar  PM  N-poles  (in 
particular  the  quad  and  sextupole)  to  find  a  broader  range  of 
applications  than  heretofore  proposed.  To  this  end,  methods  for 
further  minimizing  the  number  of  PM  pieces  required  for  PM 
multipole  field  improvement  are  being  investigated. 


The  original  proposal  for  using  planar  PM  quadrupoles 
was  for  applications  in  which  the  electron  beam  was  small 
enough,  and  close  enough  to  the  axis,  to  make  the  higher-pole 
components  negligible  with  respect  to  the  leading  field 
component  [1].  Here  we  demonstrate  calculated  trajectories 
through  a  planar  PM  FODO  lattice  (Fig.  5)  that  support  the 
soundness  of  this  proposal.  The  computer  code,  developed 
originally  for  FEL  simulations  [6],  employs  a  rigorously 
realistic  model  of  fields  generated  by  assemblies  of  PM  pieces 
(i.e.,  the  field  experienced  by  the  particles  is  everywhere 
divergence  and  curl  free).  The  general  parameters,  typical  of 
those  that  might  be  used  for  a  1.5  A  FEL  [7],  are:  electron 
energy  12  GeV;  electron  emittance  4.2x10“^^  r-m;  FODO 
lattice  period  40  cm;  PM  quad  gap  3  mm;  PM  quad  length  10 
cm;  PM  piece  remanent  field  1.2  T;  PM  piece  height  3.5  mm; 
PM  piece  width  1  cm;  and  FODO  lattice  betatron  wavelength  8 
m.  For  longer  FEL  structures  the  quad  parameters  (e.g.,  gap 
size)  could  be  substantially  relaxed.  With  the  developments 
outlined  above,  field-improved  planar  PM  elements  can  now 
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Figure  5.  Electron  trajectories  for  electrons  entering  FODO  lattice 
(from  the  left)  at  5p  and  -lOp  off  axis  in  the  x-z  plane. 
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Abstract 

To  improve  the  luminosity  of  the  Fermilab  Tevatron  proton- 
antiproton  collider  in  the  post  Main-Injector  era,  the  most 
straightforward  approach  is  to  increase  the  intensity  of  the  an¬ 
tiproton  beam.  A  number  of  schemes  based  on  fixed  energy  stor¬ 
age  rings  have  been  suggested  to  accomplish  this  goal.  A  fixed 
energy  ring  can  be  used  to  accumulate  freshly  produced  antipro¬ 
tons  and/or  to  recycle  used  antiprotons  at  the  end  a  store.  For 
reasons  of  cost  and  reliability,  permanent  magnets  are  strong  con¬ 
tenders  for  the  magnet  assemblies,  with  ceramic  ferrite  the  mate¬ 
rial  of  choice.  Since  ferrite  magnetization  has  a  relatively  large 
temperature  coefficient,  temperature  considerations  are  very  im¬ 
portant.  In  this  paper,  we  investigate  the  expected  temperature 
environment  for  a  fixed  energy  ring  at  Fermilab,  the  required 
temperature  stability  and  possible  methods  of  compensating  tem¬ 
perature  dependent  effects. 

Introduction 

To  improve  the  antiproton  intensity  available  in  the  Fermilab 
collider,  a  fixed  energy  storage  ring  is  under  serious  consider¬ 
ation.  Such  a  ring  would  be  housed  in  the  newly  constructed 
main  injector  tunnel  and  would  be  used  to  accumulate  freshly 
produced  antiprotons  and/or  to  recycle  used  antiprotons  at  the 
end  of  a  store.  The  most  attractive  option  appears  to  be  a  ring 
whose  main  bending  magnets  are  low  field  (<  5  kG)  based  on 
permanent  magnet  technology.  The  modest  field  makes  practi¬ 
cal  the  utilization  of  inexpensive  ferrite  ceramic  -  of  the  same 
type  used  in  large  quantities  by  the  automotive  industry  -  rather 
than  the  considerably  more  costly  rare  earth  samarium-cobalt  or 
neodynium-boron  magnets.  At  this  point,  a  lattice  based  on  com¬ 
bined  function  magnets  of  the  hybrid  “box”  design  [1]  appears  to 
be  among  the  most  interesting  possibilities.  Details  are  given  in 
another  paper  presented  at  this  conference  [2].  Although  ferrite 
is  inexpensive  the  rather  large  dependence  of  its  magnetization 
to  temperature  variations  is  a  major  source  of  concern. 

Temperature  Effects 

Four  classes  of  materials  account  for  virtually  all  permanent 
magnets  in  use  today. 

•  Alnico 

•  Hard  Ferrites:  Ba0-6Fe203,  Sr0-6Fe203 

•  Rare  Earth  Cobalt  (REC):  SmCOs,  Sm2COi7 

•  Neodymium-iron-Boron  (NEO):  Nd2Fei4B 

Some  relevant  properties  of  these  materials  are  summarized  in  Ta¬ 
ble  1 .  The  bulk  magnetization  of  a  permanent  magnet  is  the  result 
of  the  collective  alignment  of  the  atomic  spins  via  the  quantum 

*  operated  by  the  Universities  Research  Association,  Inc.,  under  contract  with 
the  U.S.  Department  of  Energy. 


Alnico 

Ferrite 

REC 

NEO 

Composition 

Fc-alloy 

SrO-OFejO^ 

SmCo5 

Sm2Col7 

Nd2Fel4B 

1.3 

0.4 

0.9 

0.9 

I.l 

d\oi{Br){dT 

-0.02 

-0.2 

•0.06 

-0.04 

-0.12 

tic 

150 

320 

2400 

2000 

1400 

Curie  T 

800 

450 

750 

800 

300 

Density  (g/cm3) 

7.2 

5.0 

8.2 

8.4 

7.4 

Cost  (rel) 

10 

1 

80 

80 

70 

Table  I 

Magnetic  material  properties. 


exchange  interaction.  As  temperature  increases,  thermal  fluc¬ 
tuations  induce  more  and  more  random  variations  in  individual 
atomic  spin  orientations.  Eventually,  a  phase  transition  occurs: 
all  the  spins  are  randomly  oriented  and  the  bulk  magnetization 
abruptly  dissapears.  The  transition  temperature  is  known  as  the 
Curie  temperature,  Tc  and  can  be  considered  as  a  measure  of 
the  magnitude  of  the  exchange  forces.  For  a  simple  element 
like  Fe,  the  temperature  dependence  of  the  magnetization  is  well 
predicted  by  the  classical  Brillouin  function.  For  ferrites  and 
other  alloys,  the  situation  is  much  more  complex  and  depends  on 
the  determination  of  specific  forms  of  orbital  overlap  for  three 
dimensional  arrays  of  atoms  of  different  types.  Nevertheless, 
one  still  expects  the  magnetization  to  be  a  roughly  decreasing 
exponential  function  of  the  ratio  (T/Tc),  so  that  dXogUjdT 
is  approximately  constant  over  a  wide  temperature  range.  The 
maximum  sensitivity  obviously  occurs  when  T  jTc  —  1.  Refer¬ 
ring  to  Table  1,  one  can  indeed  see  that  materials  with  similar 
Curie  temperatures  have  similar  temperature  coefficients.  Fur¬ 
thermore,  ferrite  and  neodymium-boron  have  the  lowest  Tq  and 
the  highest  temperature  coefficients,  as  expected. 

Temperature  Environment 

The  temperature  environement  in  an  accelerator  is  composed 
of  two  distinct  components: 

•  variations  of  the  average  temperature 
«  random  temperature  variations  at  different  locations  around 
the  ring 

Average  temperature  variations  correspond  to  variations  in  the 
reference  energy  of  the  ring.  Since  no  external  adjustment  is  pos¬ 
sible,  a  permanent  magnet  ring  would  have  to  be  accommodated 
by  other  rings  in  the  complex.  Seasonal  variations  in  tempera¬ 
ture  can  be  quite  large  in  the  Main  Injector  tunnel,  on  the  order 
of  20  C  between  summer  and  winter.  For  ferrite  magnets,  this 
corresponds  to  a  4  %  variation  in  ring  energy. 

More  serious  is  the  problem  of  random  temperature  fluctua¬ 
tions  around  the  ring.  These  fluctuations  have  a  time  scale  of 
hours,  lypically,  magnet  to  magnet  variations  in  relative  in¬ 
tegrated  strength  larger  than  0.001  must  be  corrected.  To  the 
extent  that  both  dipole  and  quadrupole  elements  would  be  based 
on  permanent  magnet  technology,  correction  would  be  required 
for  both  functions.  Measurements  made  over  a  period  of  a  month 
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in  the  Main  Ring  tunnel  indicate  that  rms  temperature  fluctua¬ 
tions  on  the  order  of  1  C  around  the  ring  can  be  expected.  For 
ferrite  magnet  structures  this  results  in  dipole  and  quadrupole 
relative  integrated  strength  fluctuations  on  the  order  of  0.002. 

Compensation  Schemes 

Because  of  these  expected  temperature  variations,  a  reduction 
of  the  temperature  sensitivity  by  an  order  of  magnitude  or  more 
is  needed.  An  obvious  possibility  would  be  to  utilize  a  perma¬ 
nent  magnet  material  with  a  higher  Curie  temperature,  REC  and 
Neodymium-Boron  are  prohibitively  expensive.  The  cost  of  Al- 
nico  may  seem  more  reasonable  but  the  active  magnet  volume 
needed  to  prevent  the  demagnetizing  field  from  overcoming  the 
coercivity  would  result  in  substantially  larger  overall  dimensions. 

Active  correction  of  magnetic  field,  by  adding  windings  to  the 
permanent  magnets  or  adding  small  outboard  electromagnetic 
trim  dipoles  was  discussed.  This  option  was  rejected  because  it 
would  eliminate  the  possibility  of  keeping  antiprotons  in  the  ring 
during  a  short  power  outage  without  the  added  complexity  of  non 
interruptible  power  supplies.  Quasi  passive  temperature  control, 
by  circulating  water  through  the  magnet  structures  and/or  by  cou¬ 
pling  magnets  through  heat  pipes  was  quickly  dismissed  because 
of  added  cost,  complexity  and  potentially  reduced  reliability. 

The  scheme  which  we  propose  is  purely  passive.  The  field  of 
each  magnet  structure  is  stabilized  using  one  or  more  temperature 
sensitive  flux  shunts.  These  shunts  are  composed  of  alloys  having 
permeability  with  high  temperature  coefficient.  Binary  alloys 
of  Ni-Fe  and  Ni-Cu  have  been  used  for  this  purpose  [3].  The 
alloy  is  placed  in  the  magnet  structure  in  such  a  position  that  it 
shunts  some  of  the  flux  which  would  ordinarily  appear  across 
the  magnet  gap.  As  temperature  increases,  the  ferrite  supplies 
less  flux  to  the  magnet  poles,  but  the  flux  shunt  also  shunts  less 
flux.  If  the  flux  shunt  has  a  higher  temperature  coefficient  than 
that  of  the  ferrite,  it  may  be  sized  in  such  a  way  that  the  field 
in  the  gap  is  independent  of  temperature.  A  similar  technique  is 
routinely  used  in  small  structures,  such  as  watt-hour  meters  and 
automobile  speedometers.  As  far  as  we  know,  it  has  never  been 
used  for  large  scale  accelerator  magnets. 

Temperature  compensation  alloys  such  as  Fe-Ni  have  a  Curie 
temperature  close  to  the  ambient  temperature.  Basically,  the 
Curie  temperature  and  the  saturation  magnetization  of  the  Fe- 
Ni  system  change  rapidly  when  the  Ni  fraction  reaches  30%, 
due  to  a  change  in  crystal  structure.  At  the  phase  boundary, 
both  Tc  and  the  saturation  magnetization  vanish.  By  carefully 
controlling  the  composition  and  heat  treatment  of  the  material, 
the  Curie  temperature  can  be  adjusted  to  be  slightly  above  the 
ambient  temperature,  resulting  in  high  temperature  sensitivity 
of  the  saturation  magnetization.  By  adjusting  the  thickness  of  a 
thin  strip  of  compensating  alloy,  it  is  then  possible  to  compensate 
the  weaker  temperature  dependence  of  a  larger  volume  of  ferrite 
material. 

A  possible  configuration  for  a  box  dipole  magnet  is  shown  in 
Figure  1.  A  strip  of  alloy  is  placed  in  the  center  of  the  magnet, 
between  two  ferrite  blocks,  in  order  to  suppress  odd  multipoles. 
Fe-Ni  has  a  temperature  coefficient  d  log  B/lldT  ~  2%/C.  This 
is  about  an  order  magnitude  higher  than  ferrite,  so  approximately 
10%  of  the  flux  must  be  shunted.  It  should  be  noted  that  the  tem¬ 
perature  coefficient  of  compensating  alloys  generally  depends  on 


Figure.  1.  Cross  section  of  a  dipole  magnet.  Temperature  com¬ 
pensating  strips  are  placed  symmetrically  between  blocks  of  fer¬ 
rite  material. 

magnetic  field  as  well  as  temperature.  In  applications  where  the 
field  is  very  weak  it  is  necessary  to  take  this  into  account.  In  the 
present  case,  the  regime  of  operation  is  such  that  the  compensat¬ 
ing  material  is  completely  saturated.  The  strip  behaves  like  a  thin 
bar  magnet  of  strength  Ms  polarized  in  the  direction  opposite  to 
the  ferrite  blocks  and  Ms  is  essentially  independent  of  H  in  the 
strip.  As  a  result,  the  compensation  effect  is  expected  to  scale 
linearly  with  the  strip  thickness. 

Results 

A  2  kG  prototype  dipole  magnet  was  constructed  both  to  un¬ 
derstand  basic  assembly  problems  and  to  study  temperature  com¬ 
pensation.  For  the  sake  of  this  experiment,  the  thin  strip  of  com¬ 
pensating  alloy  was  placed  on  one  side  of  the  gap,  though  in 
practice  this  would  affect  field  quality  (Figure  1  is  the  preferred 
configuration).  The  result  shown  in  Figure  2  is  spectacularly 
better  than  anticipated;  Line  A  represents  the  field  in  the  cen¬ 
ter  of  the  magnetic  gap  without  the  compensating  strip.  Line  B 
represents  a  first  iteration  based  on  a  rough  estimate  of  the  thick¬ 
ness.  Line  C  represents  the  result  obtained  by  linearly  scaling  the 
thickness  on  the  basis  of  result  B.  was  reduced  by  more 

than  2  orders  of  magnitude  from  the  original  2000  ppm/C  to  less 
than  100  ppm/C  between  25  and  30  deg  C  and  below  10  ppm 
between  30  and  40  deg  C. 

Conclusion 

We  have  demonstrated  that  the  strength  of  a  magnet  built  with 
ferrite  material  can  be  passively  temperature  stabilized  at  a  level 
more  than  sufficient  to  build  a  storage  ring  without  the  need  for 
expensive  correctors.  Work  is  in  progress  to  build  a  larger  model 
and  a  full  scale  prototype. 
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FE-NI  ALLOY  COMPENSATION 


Figure.  2.  Experimental  results. 
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3D  NUMERICAL  ANALYSIS  OF  MAGNETS  AND  THE  EFFECT  OF  EDDY 

CURRENT  ON  FAST  STEERING 

T.  Nagatsuka,  T.  Koseki,  Y.  Kamiya  and  Y.  Terada"^ 

Institute  for  Solid  State  Physics  (ISSP),  The  University  of  Tokyo 
3-2-1,  Midori-cho,  Tanashi,  Tokyo  188,  Japan 

"^Technical  Research  Institute,  Hitachi-Zosen  Corporation 
2-2-11,  Funa-machi,  Taisho,  Osaka  551,  Japan 


L  INTRODUCTION 

Using  the  computer  code  of  MAGNA,  a  product  of  Century 
Research  Center  in  Japan,  we  made  numerical  analyses  of 
magnets  for  a  high-brilliant  VUV  and  soft  X-ray  synchrotron 
radiation  ring  being  designed  at  ISSP  and  Photon  Factory  ring 
of  KEK.  It  is  possible  for  MAGNA  to  calculate  2D  and  3D 
magnetic  fields  and  include  the  effects  of  eddy  currents  in  the 
calculations. 

II.  3D  ANALYSIS  OF  PF  BENDING  MAGNET 

First,  in  order  to  check  the  applicability  of  MAGNA  to 
magnet  design,  we  made  the  3D  analysis  of  the  bending 
magnet  used  at  Photon  Factory  of  KEK.  the  calculated  result 
fairly  agreed  with  the  measured  one  (Fig.  1).  the  s  in  the  figure 
is  the  distance  from  the  center  of  the  magnet  along  the 
longitudinal  direction.  It  has  thus  been  demonstrated  that 
MAGNA  can  calculate  a  3D  magnetic  field  with  a  sufficient 
accuracy. 


iM  10*0  1100  1200 

Figure  1:  The  field  of  PF  bending  magnet. 

III.  3D  ANALYSIS  OF  DC  STEERING  MAGNET 

We  then  made  the  3D  analysis  of  DC  steering  magnet  for 
the  high-brilliant  ring.  Table  1  gives  its  parameters  and  Figure 
2  shows  a  quadrant  of  its  cross  section.  Figure  3  shows  the 
horizontal  field  strength  integrated  by  s.  Figure  4  also  shows 
the  integrated  vertical  field  strength.  As  shown  in  these 
figures,  both  fields  have  sufficient  uniformity.  Since  the  edges 
of  the  horizontal  steering  coils  are  closer  to  the  iron  core  than 
those  of  the  vertical  steering  coils,  the  vertical  field  is  more 
like  2D  and  flatter  than  the  horizontal  field.  We  also  made  the 
same  analysis  for  a  fast  steering.  Because  its  shape  is  similar 
to  the  DC  steering  (see  Fig.  5),  the  results  are  also  similar  to 
the  above  ones. 


Table  1:  Parameters  of  DC  steering  magnet. 


Vertical  steering 
(2  coils) 

Horizontal 
steering 
(2  coils) 

Number  of  turns 

1260/coil 

720/coil 

Current  (A) 

5 

5 

Magnetic  field  (G) 

400 

350 

Effective  length 

0.15 

0.115 

Bend  angle  (nffad) 

0.89 

0.6 

Inductance  (H) 

0.1 

0.1 

Figure  2:  A  quadrant  of  DC  steering  magnet. 


Figure  3:  Integrated  strength  of  horizontal  field. 
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Figure  4:  Integrated  strength  of  vertical  field. 
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IV.  2D  ANALYSIS  OF  THE  EFFECT  OF  EDDY 
CURRRENT  ON  FAST  STEERING 


As  the  fast  steerings  are  expected  to  operate  in  a  frequency 
range  up  to  100  Hz,  we  have  examined  the  effect  of  edcfy 
current  induced  on  the  vacuum  chamber.  The  analysis  is  two 
dimensional  in  this  section.  Table  2  gives  its  parameters  and 
Figure  5  shows  a  quadrant  of  its  cross  section  together  with 
the  chamber.  The  shape  of  the  chamber  was  simplified  to 
reduce  the  number  of  meshes.  Figures  6  and  7  show  the  fields 
at  the  center  of  the  magnet  in  the  cases  of  aluminum  and 
stainless  steel  chambers,  respectively.  As  seen  in  Fig.  6,  the 
vertical  magnetic  field  is  strongly  attenuated  for  the  aluminum 
chamber.  Therefore,  it  may  be  difficult  to  control  the 
horizontal  closed  orbit  by  fast  feedback,  though  the  effect  of 
eddy  current  almost  does  not  influence  the  field  uniformity. 


Table  2:  Parameters  of  fast  steering  magnet. 


Vertical  steering 
(2  coils) 


Horizontal  steering 
(2  coils) 


Number  of  turns 
Max.  current  (A) 
Magnetic  field  (G) 
Effective  length  (^) 


140/coil 

5 

55 

0.11 


120/coil 

5 

no 

0.065 


-  50  mm  15  mm 

- 80  mm - 


Figure  6:  Bode  diagram  for  vertical  steering. 
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Figure  7:  Bode  diagram  for  horizontal  steering. 


In  order  to  check  the  calculation,  we  measured  the  magnetic 
fields  of  a  PF  vertical  steering  with  an  aluminum  chamber  for 
quadmpole  magnet  and  compared  the  result  with  the  calculated 
one.  Figure  8  is  a  quadrant  of  its  cross  section  together  with 
the  chamber,  to  make  a  vertical  field,  we  aided  horizontal 
steering  coils  to  the  PF  steering.  The  chamber  used  was  about 
1  m  long,  figures  9  and  10  show  the  results.  A  close 
agreement  between  the  measured  and  the  calculated  values  was 
obtained  for  the  horizontal  magnetic  field  (Fig.  9).  but  they  are 
somewhat  different  for  the  vertical  field  (Fig.  10).  The  reason 
why  such  differences  occur  is  as  follows.  In  spite  of  the  short 
magnet  length,  the  eddy  current  generated  by  horizontal  field 
on  the  chamber  behaves  like  2D  at  least  more  than  for  vertical 
field  since  the  height  of  the  chamber  is  smaller  than  its  width. 
As  a  result,  both  2D  calculation  and  measurement  may  agree 
each  other  for  the  fiequency  dependence  of  horizontal  field, 
whereas  it  is  not  the  case  for  vertical  field. 


Figure  5:  Fast  steering  and  its  chamber. 
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Figure  8:  the  PF  steering  magnet  and  AI  Q  chamber. 
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Figure  9:  Bode  diagram  for  PF  vertical  steering. 


— IByl  (MAGNA) 

-  -  0-  -  Phase  (MAGNA) 

-  A  •  -  IByl  (Measurement) 

■■■■&■'  Phase  (Measurement) 

]  0  100 
Frequency  (Hz) 


Figure  10:  Bode  diagram  for  PF  horizontal  steering. 

V.  3D  ANALYSIS  OF  THE  EFFECT  OF  EDDY 
CURRENT  ON  FAST  STEERING 

Using  3D  analysis  we  tried  to  study  the  effect  of  edcfy 
current  for  the  above  PF  steering  with  its  chamber.  Because  we 
had  to  deal  with  a  finite  length  of  the  chamber  and  our  WS  had 
not  enough  memory  for  3D  calculation,  we  covered  the 
chamber  with  aluminum  plates  at  its  end  to  simulate  a  long 
chamber  (Fig.  11).  It  was  showed  that  10  to  20  %  of  the 
central  DC  field  strength  remained  at  the  plate.  Nevertheless, 


the  3D  calculation  showed  that  the  normalized  vertical  fields  in 
both  cases  of  calculation  and  measurement  well  agrees  with 
each  other  for  the  horizontal  steering,  as  shown  Fig.  12. 

For  the  integrated  field  strength  and  for  horizontal  field,  3D 
calculation  did  not  give  satisfactory  results,  because  we  waie 
short  of  computer  power  and  probably  took  inaccurate  data  for 
a  long  search  coil  to  measure  the  integrated  field.  In  near 
future,  we  will  improve  the  WS  power  and  the  field 
measurement  of  frequency  dependence. 
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Figure  1 1 :  The  steering  magnet  and  covered  chamber. 
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Figure  12;  Bode  diagram  of  PF  horizontal  steering. 
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MEB  RESISTIVE  MAGNETS 
PROTOTYPES  MANUFACTURING 

G.  Batskikh,  G.  Mamaev,  T.  Latypov 
L  Tenyakov,  Y.  Tereshkin 
MRTI RAS,  Moscow,  Russia 
W.  Heilbrunn,  SSCL,  Texas,  USA 


This  report  presents  the  work,  that  was  done  under 
the  agreement  between  the  Moscow  Radiotechnical  Institute 
of  Russian  Academy  of  Science  (MRTI  RAS)  and 
Superconducting  Super  Collider  Laboratory  of  USA  (SSCL), 
signed  in  May,  1992.  According  this  agreement,  245 
quadrupoles  and  406  dipolediad  to  be  done  in  Russia  for 
Middle  Energy  Booster  (MEB).  The  whole  program  was  to  be 
completed  till  1996.  Because  of  SSCL  elimination  in  1993 
only  two  magnets  (one  dipole  and  one  quadrupole  prototypes) 
were  done  in  1994. 


COOPERATION 
FOR  MAGNET  PRODUCTION 

To  fulfill  the  work  properly  and  in  time  the  following 
cooperation  was  organized  in  Russia: 

Moscow  Radiotechnical  Institute  (MRTI  RAS), 

The  Central  Research  Institute  for  Ferrous 
Metallurgy  (CRIFM), 

Novolipetsky  Integrated  Iron  and  Steel  Works 
(NHSW), 

Joint  Stock  Company  "SILA”  (the  former  St. 
Petersburg’s  Electrical  Engineering  Pilot  Production  Works 
(SPEEPPW)), 

Electrophysical  Apparatus  Pilot  Production  Works 
(EAPPW), 

Research  and  Technology  Center  "TEMP"  (RTC 
"TEMP"), 

Institute  for  High  Energy  Physics  (IHEP). 

This  cooperation  was  build  to  utilize  the  equipment 
and  experience  of  participants  which  they  had  in  a  field  of 
resistive  magnets  building  for  Accelerating-Storage  Complex 
(UNK)  that  was  being  created  in  Russia  (Protvino,  IHEP). 

MAIN  REQUAREMENTS 

The  main  requirements  to  magnets  were  quality, 
reliability,  interchangeability  and  accuracy.  That’s  why  very 
stringent  requirements  were  imposed  on  geometrical, 
mechanical,  electrical  and  magnetic  parameters.  This 
requirement  has  resulted  from  a  very  high  degree  of  accuracy 
of  different  parameters.  For  example: 

a)  tolerance  on  working  and  base  surfaces  of 
magnets  laminations  -  25  |Xm; 

b)  tolerance  on  unflatness  of  base  magnets  surfaces  - 

50  |im. 


c)  tolerance  on  effective  magnetic  length,  according 
to  SSCL  specification  -  0.1  %. 

Such  a  rigid  tolerances  can  ensure  the  opportunity  of 
interchangeability  of  main  ring  elements.  However  the  cost  of 
such  a  convenience  may  be  rather  hard. 

There  were  several  types  of  dipoles  and  quadrupoles 
to  be  done  for  using  in  MEB.  Tables  below  presents  main 
parameters  of  typical  quadrupole  and  dipole  which  were  put 
in  the  foundation  of  design  work. 


NOMINAL  CHARACTERISTIC 


OF  MEB  DIPOLE 

Effective  length  (m) 

6.441 

Injection  current  (A) 

273 

Extraction  current  (A ) 

4983 

Max.  mag.  field  (T) 

1.7 

Max.  integrated  field  (T-m) 

11.60 

High  field  error  at  25  mm 

3.0x10-'^ 

Low  field  error  at  25  mm 

1.0x10“ 

Weight  of  magnet  (kG) 

21136 

Power  consumption  (kW) 

44 

Core  length  (m) 

6.450 

Lamination  height  (mm) 

600.0 

Lamination  width  (mm) 

15.4 

Lamination  thickness  (mm) 

1.5 

Minimum  pacing  factor  (%) 

97 

Minimum  air  gap  (mm) 

50.8  X  101.6 

Sagitta  (mm) 

14.01 

Copper  weight/mag  (kg) 

2200 

Number  of  turns  /  mag. 
Conductor: 

2x8 

Width  (mm) 

22 

Height  (mm) 

55 

Hole  diameter  (mm) 

9 

Number  of  water  circuits/mag 

2 

NOMINAL  CHARACTERISTICS 

OF  MEB  QUADRUPOLE 

Effective  length  (m) 

2.441 

Injection  current  (A) 

252 

Extraction  current  (A) 

4210 

Extract,  current  dens.  (A/mm^) 

6.8 

Max.  mag.  field  in  core  (T) 

1.5 

Max.  gradient  (T/m) 

21.5 
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Max.  integrated  field  (T) 

52.237 

High  field  error  at  25  mm 

3.4  X  10- 

Low  field  error  at  25  mm 

4.8  X  10' 

Weight  of  magnet  (kg) 

5500 

Power  consumption  (kW) 

49 

RMS  power  consumption  (kW) 

20 

Core  length  (m) 

2.400 

Lamination  height  (mm) 

666 

Lamination  width  (mm) 

662 

Minimum  packing  factor  (%) 

98 

Core  weight/mag  (kg) 

4932 

Copper  weight/mag  (kg) 

486 

Number  of  turns  /  mag. 

4x4 

Conductor 

Width  (mm) 

26 

Height  (mm) 

26 

Hole  diameter  (mm) 

8 

Number  of  water  circuits  /  mag 

2 

MAGNETS  PRODUCTION 

2082  and  2083  steel  sorts  for  magnets  production 
were  developed  by  Novolipetsky  Integrated  Iron  and  Steel 
Works  (NIISW),  The  technology  of  steel  manufacturing 
included  the  following  stages:  continuous  casting, 
decarburizing,  hot  reduction  of  20  mm  thickness  steel  sheets, 
pickling,  cold  reduction  till  0.75  mm  (for  quadrupoles)  or  1.5 
mm  (for  dipoles)  thickness,  annealing,  insulating  coating 
formation,  and  sheet  cutting  into  bands  of  needed  width.  Steel 
had  the  saturation  induction  2.12  Tl,  coertive  force  was  less 
than  1.9  Oe  for  quadrupoles  (2082  steel)  and  less  than  1.0  Oe 
for  dipoles  (2083  steel).  Carbon  consumption  was  less  than 
0.01%.  The  resistance  of  insulation  coating  was  tested  after 
steel  production  using  Franclin  testing  machine. 

Laminations  stamping  was  made  by  stamping  line 
using  300  tons  Japan  press  AIDA.  Stamping  die  for 
quadrupole  production  was  made  with  the  use  of  Swiss-made 
electrical  erosion  machine  AGIECUT-300.  The  die  for  dipole 
production  was  manufactured  in  USA.  Stamped  laminations 
were  measured  after  experimental  stamping  with  the  use  of 
three-directional  measurement  machine  "OPTON  UMESS”. 
Measurement  accuracy  was  detected  to  be  not  more  then  5 
pm.  The  profile  of  working  part  of  magnets  pole  corresponds 
to  tolerance  limits. 

Quadrupole  quadrants  and  dipole  half-cores  were 
manufactured  by  stacking  of  50  laminations  packs.  Mixing 
procedure  was  developed  to  ensure  identical  magnetic 
properties  of  the  packs,  to  ensure  the  quadrupole  and  dipole 
magnetic  properties  reproduction  and  to  maximize  the  filling 
factor  .  Preliminary  experiments  showed  us  that  it  was 
necessary  to  enlarge  the  press  pressure  to  achieve  97%  core 
stacking  factor  up  to  25  kg/cm^.  Needed  press  force  for 
dipole  appeared  to  be  40  T  instead  of  former  25  T.  Lateral 
force  was  increased  up  to  2  tons  per  meter. 


Magnets  cores  assembling  was  conducted  using  50 
tons  hydraulic  press. 

After  the  assembling  was  finished,  the  straightness 
of  assembly  were  checked,  and  semiautomatic  welding  in 
neutral  gas  in  accordance  with  welding  process  card  was 
produced. 

The  control  has  shown  the  practical  conformity  of 
quadrupole  core  parameters  to  drawing  requirements:  the 
deviation  from  flatness  when  resting  on  flat  surface,  taking 
twist  into  account  -  not  more  than  1,4  mm  (1  mm  without 
taking  twist  into  account).  When  loaded  -  less  than  0,05  mm. 
The  stacking  factor  for  four  quadrants  was  obtained  to  be 
inside  (97.02%  -  97.4%)  interval. 

The  quality  of  dipole  core  was  in  turn  good  enough 
to  satisfy  the  preliminary  requarements. 

The  coils  were  produced  using  hollow  conductor. 
The  conductor  was  made  from  an  oxygen-free  copper.  Bus 
splices  were  executed  by  silver  brazing  of  copper  sleeves. 

After  coil  winding  and  before  insulation,  hydrostatic 
test  was  conducted  with  the  use  of  water  under  pressure  17 
kg/cm. 

Insulation  curing  process  was  performed  with  the  use 
of  termo-pressing  in  a  mould.  We  used  b-stage  insulation 
technology.  Polyimid  tape,  fiberglass  tape  and  mica  paper 
were  used  as  a  main  components  of  an  insulation.  They  were 
glued  and  saturated  with  epoxy  compaund  with  latent  hadener 

Coils  were  electrically  tested  before  and  after  turn 
insulation  curing  and  after  ground  wall  insulation  curing. 
Induced  voltage  test  used  12  V/tum  voltage  to  detect  tum-to- 
tum  insulation  quality.  Impulse  test  used  standard  voltage 
pulse  to  examine  the  ground  wall  insulation.  High-voltage 
insulation  tests  were  conducted  by  application  of  DC  5  kV 
voltage  between  the  coil  conductor  and  the  grounded  foil  with 
gradient  rings  during  one  minute  period. 

The  assembling  of  coil  and  magnet  cores  to  get  a 
quadrant  or  half  dipole  was  made  with  the  use  of  special 
fixture  with  individual  coil  adjustment  with  the  use  of  screw 
press. 

The  quadrupole  and  dipole  geometry  was  supervised 
by  linear  measuring  rods  and  feelers  gauges  (interpole 
distance).  This  testing  showed  us  that  the  quality  of  dipole 
mounting  could  be  better,  if  the  technology  of  mounting  was 
more  stringent. 

MAGNET  TESTING 

To  check  the  quadrupole  and  dipole  quality, 
prototypes  magnetic  measurements  program  was  developed. 
According  to  this  program,  prototypes  magnetic 
measurements  were  done  at  the  Institute  for  High  Energy 
Physics  (IHEP).  Test  stands  were  developed  for  dipole  and 
quadrupole  prototypes  integrated  strength,  body  and  end  field 
and  gradient,  magnetic  axis  position,  and  higher  multipoles 
measurements. 
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For  MEB  dipole  prototype  investigation  the  next 
methods  and  apparatus  were  used: 

1.  NMR  magnetometer  was  used  for  the  calibration 
of  Hall  probes,  and  measuring  of  body  fields  (B  vs  I  scan, 
longitudinal  scan).  Measuring  range  (0.1 -1.9)  Tl,  number  of 
probes  -  5,  absolute  accuracy  -  10“^.  The  relative  accuracy  of 
magnetometer  (5*10’'^)  was  checked  at  0.15  Tl  in  a  C-type 
permanent  magnet.  The  absolute  accuracy  is  defined  by 
hyromagnetic  ratio  of  protons  in  a  rubber  sample. 

2.  Hall  probes  were  used  for  the  measuring  of 
nonuniformity  of  body  field  and  the  end  field  mapping.  Sizes 
of  sensitive  zone  was  (1.5  x  0.5)  mm^,  nominal  current- 100 
mA,  offset  voltage  -(1-4)  uV,  sensitivity  (70  -75)  mV/Tl. 

Temperature  coefficients  for  Hall  voltage  - 10’^  %/K, 
for  offset  voltage  -  30.0  nV/K  ,  for  nonlinearity  -  0.6  %  at  2 
Tl. 

3.  Integrated  field  BL  were  measured  by  stretched 
wire  moving  in  a  magnet  median  plane.  To  achieve  a  good 
resolution  the  signal  from  a  wind  was  gained  by  preamplifier 
and  then  was  integrated  by  V  -  integrator.  Both  amplifier  and 
integrator  were  carefully  calibrated.The  maximum  integrated 
voltage  measurement  error  is  equal  to  1.2x10*'^. 

The  difference  between  a  stretched  wire  length  and 
length  of  a  magnet  along  centerline  due  a  sagitta  was  took 
into  account  during  the  measurements.  Summing  all 
contributions  the  field  integral  is  determined  with  an  accuracy 
of  2.0x10-''. 

4.  Integrated  field  harmonics  were  measured  by  a 
short  pick-up  rotating  coil.  To  obtain  the  integrated  field 
harmonics  ten  measurements  of  body  field  at  various 
distances  from  magnet  ends  (5  from  both  ends  of  magnet) 
and  two  of  fiinge  fields  were  produced.  The  integrated  field 
harmonics  were  received  as  an  average  value  of  these 
measurements.  The  dispersion  of  measured  harmonics 
amplitudes  does  not  exceed  1x10'^  for  k=1..6  at  radius  25.4 
mm. 

5.  The  magnet  current  was  measured  by  Constant 
Current  Transformer  (CCT),  calibrated  by  HOLEC. 
Measuring  range  of  CCT  -  10  kA,  absolute  accuracy  10'^ 
linearity  - 10’^. 

Methods  and  apparatus,  used  during  quadrupole 
testing  were  similar  to  dipole. 

Movable  platform  table  with  adjusted  magnet 
support  for  quadrupole  prototype  measurements  enable  the 
lens’s  geometric  axis  to  be  aligned  with  the  mechanical  axis 
of  the  measurement  system.  Supports  with  air  bearing 
brackets,  stepping  motor  drive  and  angle- to-code  transducer 
ensure  precise  rotation  of  measuring  coils.  The  air  bearing 
axis  is  adjusted  with  regard  to  the  mechanical  axis  of  the 
measuring  system.  Optical  system  was  developed  to  provide 
necessary  adjustment  of  the  len’s  geometrical  axis  with  the 
use  of  the  Taylor-Hobson  telescope.  Adjustment  accuracy  is 
better  than  20  microns. 


Measurement  tube  with  induction  coils  and  stretched 
wires  were  used  to  provide  axis  position  adjustment  and 
harmonics  content  measurements.  There  were  two  types  of 
pipes:  2  meter  long  and  0.8  meter  long.  Each  pipe  had 
carbon-plastic  body.  Precise  pipe  manufacturing  enable  us  to 
ensure  precise  coil  position  inside  a  pipes. 

Main  results  of  the  quadrupole  prototype  magnetic 
measurements  meet  all  the  requirements  of  preliminary 
design  and  confirm  high  quality  of  prototype  manufacturing. 
Magnetic  axis  position  is  as  can  be  seen  from  the  table  below 
stable  sufficiently  within  full  current  operation  interval. 


I(kA) 

0.252 

0.425 

2.0 

4.146 

Ax  ([im) 

-8 

-12 

-37 

-36 

Ay  (M-m) 

90 

80 

52 

86 

Focal  strength  and  effective  length  measured  by 
means  of  2.0  m  rotating  coil,  coincide  practically  with  design 
values.  Current  dependence  of  integrated  efficiency  GL/I  is 
presented  by  the  next  table: 

I(kA)  0.24  0.4  2.0  4.15 

GL/I  13.045  12.932  12.92  12.608 

(T/kA) 

MEB  quadrupole  prototype  main  integrated  gradient 
normal  and  skew  harmonics  are  inside  the  design  goal. 

Dipole  magnetic  measurements  results  show  good 
results  too.  The  production  process  for  quadrupole  prototype 
was  very  close  to  one  for  serial  units.  In  turn  this  demanded 
less  shop  personal  qualification  factor  and  simplified  the 
control  and  tests.  As  for  dipole  prototype,  the  time  interval  to 
organize  dipole  production  was  very  narrow,  and  its  quality 
was  dependent  on  the  personal  qualification.  Nevertheless  it 
was  sufficient  to  make  the  work  properly.  It  must  be  said,  that 
technology  was  prepared  for  dipole  serial  production  too,  but 
it  was  no  sufficient  time  to  make  the  tooling  in  needed  grade 
to  check  it. 

The  experience  of  such  kind  of  work  gave  us  the 
confidence  that  cooperation  of  Russian  works  and  institutes 
can  be  a  reliable  partner  for  various  projects  managers. 

CONCLUSION 

In  conclusion  we  want  to  say  our  thanks  to  the 
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